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Protection of built heritage passes through three distinguished steps that involve the following:
(i) Diagnosis, that is, characterization of building materials and assessment of building materials’ decay, as
well as assessment of environmental loads;
(ii) Assessment of compatibility and performance of
conservation/restoration materials and interventions, both in lab and in situ on building scale;
(iii) Monitoring of the structure after the application of
the most appropriate materials and interventions,
to assure sustainability.
Scanning microscopy techniques are among the techniques that are used throughout the investigation of the
aforementioned processes, and their applicability is increasingly gaining ground. In this framework, the input aspects
of the scanning microscopy techniques in the ﬁeld of built
heritage protection are of high importance. The enhancement of our knowledge on the physicochemical and microstructural characteristics of historic and modern building
materials and their degradation processes, as well as on the
properties of the conservation and repair materials that we
need to design in terms of compatibility and sustainability,
is vital, and scanning microscopy techniques are key tools

towards this direction, with technological advances further
increasing their eﬀectiveness.
A. Moropoulou et al. review the literature for the use of
scanning microscopy techniques in the ﬁelds of building
materials and cultural heritage, comparing these techniques
with other analytical techniques widely used in these ﬁelds,
regarding acquired information, sample requirements, and
major limitations. They also summarize the main advantages
and limitations of the most commonly used scanning
microscopy techniques in the ﬁeld of built cultural heritage
through numerically comparing the research papers that
report their use and ﬁndings in bibliography and demonstrate that scanning electron microscopy with energydispersive X-ray spectroscopy analysis (SEM-EDX) can be
regarded now as a routine and a key role technique, whereas
transmission electron microscopy (TEM) is progressively
utilized. Distinctive results of SEM-EDX are presented
regarding building material characterization, such as stone
and mortars; mortar production technology; stone decay
diagnosis, as far as it concerns the impact of pollution, salt
crystallisation, and biodeterioration; and assessment of
cleaning, consolidation, and protection treatments. Furthermore, characteristic TEM results are displayed, revealing the presence of nanostructures in historical mortars,
shedding light on their properties and their speciﬁc production technology. The use of TEM in the evaluation of the
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development of advanced nanomaterials, designed in particular for conservation treatments, such as consolidation and
antifouling action, is also recorded.
M. Stefanidou and E. Pavlidou investigated the role of
SEM-EDX in the characterization of historical mortars, not
only in relation to their main components (binder, aggregates, and additives) but also in relation to their microstructure. It is demonstrated that important information about
production technology of mortars and their preservation
state can be acquired by SEM utilization. Furthermore, new
repair mortars are to be designed with corresponding and
compatible properties to the historical ones. In such cases,
SEM results about raw material suitability, eﬀectiveness
evaluation of nanoparticle addition, and self-healing processes of special mortar additives are presented.
In the two following works of L. Ferrazza et al. and A.
Gil-Torrano et al., the numerous ways that SEM-EDX can
be coupled with several other techniques, in order to
ensure the protection of built heritage, are demonstrated.
In particular, L. Ferrazza et al. focus on the conservation
study of the facade of the Arciprestal Church of Santa María
de Morella in Spain. A vast array of techniques such as
ground penetration radar (GPR), X-ray ﬂuorescence (XRF),
optical microscopy (OM), X-ray diﬀraction (XRD), SEMEDX, and Fourier transform infrared spectroscopy (FTIR)
are used for building material characterization and decay
diagnosis, while assessment of cleaning and consolidation
treatments on architectural surfaces of both stones and polychromes is included. The multidisciplinary character of this
work and the importance of SEM-EDX in investigating
crusts, patina, and especially pigments and their substrates
are highlighted.
Correspondingly, A. Gil-Torrano et al. investigate the
archaeological site of Cercadilla in Cordoba, Spain, regarding
the preservation state of wall paintings of the Roman era (3rd
to 4th century AD) and the Caliphal era (10th to 11th century
AD). The similarities and variances between the employed
materials and technologies of the diﬀerent eras’ wall paintings are investigated through the combined use of OM,
SEM-EDX, XRD and μ-XRD, wavelength-dispersive X-ray
ﬂuorescence (WD-XRF), and FTIR. The secco technique is
used for the manufacturing of both wall paintings under
investigation, while the wall paintings of the Roman era present more preparatory layers in comparison to the Arabic
ones. Furthermore, red earth and calcite are detected as red
and white pigments in the case of Roman paintings, whereas
red ochre and calcite are identiﬁed as red and white pigments
in the case of Arabic paintings.
On the other hand, G. Soupionis and L. Zoumpoulakis
present the development of a heat resistant material that
can be applied on modern built heritage structures to provide
thermal insulation. In particular, they present the development of a new composite material, consisting of resite matrix,
carbon ﬁbers, and perlite, which aims at the protection of
building envelopes during repair interventions. Diﬀerent
mix ratios of the composite’s main components are investigated regarding their mechanical properties (ﬂexural and
shear strength) and heat resistance, whereas microstructure
characteristics are examined by SEM-EDS.
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Last but not least, S. Nicolopoulos et al. demonstrate a
combination of ADT and ASTAR orientation/phase mapping techniques in TEM to investigate various materials with
emphasis on pigments used in diﬀerent artefacts, such as
amphoriskos, glass tesserae, and Mayan mural paintings.
Nanocrystalline mapping of pigments is achieved using the
abovementioned TEM electron crystallography techniques.
Ancient composite materials are thus thoroughly investigated, since chemical and structural information is acquired
at nanoscale. Through this work, multiple scaled impacts
are evident regarding the ways of how technological evolution can signiﬁcantly enhance our knowledge in several areas
of interest for the protection of cultural heritage.
The protection of built heritage is a vast and fascinating
research ﬁeld where many questions still have to be answered
regarding the properties of building materials, as well as the
weathering processes that govern their life cycle. Answering
these questions will inspire scientists to pioneer in designing
novel conservation/restoration and repair materials that will
ensure structures’ protection and sustainability.
In this context, scanning microscopy techniques play a
key role in establishing methodologies and protocols towards
revealing the past and planning the future. Technological
advances further evolve the capabilities and the applicability
of scanning microscopy techniques contributing to the sustainable protection of built heritage.
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The archaeological site of Cercadilla (Cordoba, Spain) includes a complete chronological sequence from the 3rd to 12th centuries.
The most relevant monument is a Roman palace dated between the end of the 3rd century and the beginning of the 4th century AD.
It is believed that it was the headquarters of the Emperor Maximiano Herculeo. A bathtub with mural paintings has been found in
the thermal zone of the palace. Regarding the occupation of the archaeological site in the medieval period, it should be pointed out
that two houses with mural paintings were found; these belong to the Caliphal era (10th-11th centuries). During the Caliphal era,
the archaeological site was mostly occupied by one of the large suburbs surrounding the walled city. Cercadilla was gradually
abandoned; this process starts at the beginning of the 11th century. This study is focused on the analysis of pigments and
preparatory layers of red and white mural paintings of the Roman period in the bath zone and on the analysis of pigments in
mural paintings in two houses of the Caliphal era. In the thermal zone, the walls have a white mural painting with vertical and
horizontal red bands, while the walls in the two Caliphal houses present the red mural painting decorated with white stripes.
Techniques such as Optical Microscopy (OM), Scanning Electron Microscopy in combination with Energy Dispersive X-ray
Microanalysis (SEM-EDX), X-ray Diﬀraction (XRD), micro X-ray Diﬀraction (μ-XRD), Wavelength Dispersive X-ray
Fluorescence (WD-XRF), and Fourier Transform-Infrared Spectroscopy (FT-IR) have been used to study the mural paintings of
this archaeological site. The results allowed to determine the composition of the materials used and to understand the
diﬀerences between the technologies employed in Roman and Caliphal remains studied.

1. Introduction
The archaeological site of Cercadilla, located in Cordoba
(Spain), is an important archaeological site (Figure 1). It
was occupied from the 1st century BC to the post-Caliphal
era, and it reached its peak with the construction of a large
palace complex of the tetrarchy era (293-304 AD) [1, 2].
Through numerous studies in the site of Cercadilla, it has
been deduced that the palace complex was built between the
late 3rd century AD and the early 4th century AD (in particular, between 293 and 305 AD) and that it rose above an early
imperial suburban Roman villa. Besides, it has been consid-

ered that the complex was the headquarters of the Emperor
Maximiano Herculeo. A wide historical sequence is encompassed during the occupation of the archaeological site during the medieval period, with the following three major
historical phases: (1) a late antiquity period (6th-8th centuries), in which a part of the ancient Roman palace was used
as a Christian worship center; (2) an Emiral phase that comprised three periods (8th-10th centuries); (3) a Caliphal era
(10th-11th centuries), in which the archaeological site was
mostly occupied by one of the large suburbs that surrounded
the walled city. From the Caliphal era have been documented
more than sixty houses, public buildings, a souk, a possible
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Figure 1: Archaeological site of Cercadilla [3], where the location of Roman and Arabic mural paintings is circled in green and orange,
respectively.

funduq and baths, and religious buildings (including a mosque in the basement of the today’s bus station). The gradual
abandonment of the Cercadilla quarters began on the beginning of the 11th century [3].
The archaeological site covers about two hectares.
However, a great part is hidden under the urban planning;
its size is believed to be larger. Besides, presently, the site
is devastated and covered by the construction of the railway station of the city. Despite the partial destruction, the
archaeological site is one of the most important heritage
values in the city [4].
The palace complex built during the late Roman period
comprises a closed building oriented towards the northwest
of the walled city. It is arranged in two diﬀerent construction
bodies: one of them with a military role as a host and the
other one with a strictly palatine character [5].
The palace is organized around a large cryptoporticus in
exedra with a portico disposed over it, around which the different rooms that form part of the ensemble are distributed
radially [2]. The main building of the whole archaeological
ensemble is a big reception aula with a basilical ground plan,
which is located in the center of the palace. The baths were
built in the north of the basilical aula, whose small size allows
to deduce that they were conceived to a private character [5].

Regarding the Caliphal era, it is important to point out
that two Caliphal houses were found in good state of conservation when the top of the basilical area of the palatine complex was excavated. Both houses maintained the preparatory
layer with almagre and the decoration with white stripes
when they were excavated [4]. Conservation treatments were
performed in 2005 after two years of being exposed to weathering agents, because the mural paintings showed a high disintegration, general weathering of pigment layers, and lack of
pigment adherence. A consolidation treatment was carried
out on some intern areas of the walls. In addition, the calcareous concretions that covered all the wall were removed by
mechanical methods. Finally, a protection ﬁlm of ethyl silicate was applied; the cracks and crevices were ﬁlled as well
as the edges of the mural paintings with mortar of lime and
sand in order to prevent the water seepage.
In the case of the thermal zone of the Roman palace, the
main construction technique used was opus caementicium
with opus signinum coating. The opus caementicium is
achieved through the amalgamation of lime and sand with
stone remains. The opus signinum technique was employed
in the Roman period to provide the materials with an impermeable character, characterized by the use of a lime mortar,
sand, and fragments of pottery vessels or bricks [6]. The
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Table 1: Sample description and analysis carried out on each sample.

Roman period (III-IV AD)

Arabic period (X-XI AD)

Sample code

Colour

Analysis

Rom-01
Rom-02
Rom-03
Rom-04
Rom-05
Rom-06
Rom-07
Rom-08
Rom-09
Rom-10
Rom-11

Red
Red
White
Red
Red
White
White
Mortar
White
Mortar
Red

OM, SEM-EDX, and WD-XRF
OM, SEM-EDX, and FT-IR
OM, SEM-EDX, and FT-IR
OM
μ-XRD
OM, SEM-EDX
OM
XRD
μ-XRD
XRD
OM

Is-01
Is-02
Is-03
Is-04
Is-05
Is-06
Is-07
Is-08

White
White
White
White
Red
Red
Red
Red

OM
OM, SEM-EDX, and FT-IR
OM, SEM-EDX, μ-XRD, and FT-IR
OM
μ-XRD
OM, SEM-EDX, and FT-IR
OM
OM, SEM-EDX, WD-XRF, XRD, and FT-IR

mural paintings were in good state of conservation when
they were discovered, but they present crust and concretions. The conservation process performed in this zone consisted of a cleaning treatment, because the surface of the
walls was covered by insoluble salts (salt crusts and concretions) as well as soluble salts. It was decided to maintain the
calcareous concretions, and the thermal zone was protected
with geotextile.
Preliminary studies performed on Cercadilla mural
paintings [7, 8] focused this research on the comparison
between the paintings of the thermal bath which still conserves a white mural painting with red vertical stripes and
red decorations on the edges and the mural paintings found
in the two houses of the Caliphal era. The ornamentation of
Arabic buildings used to be dichromatic (commonly red
and white, which is also the case of this study) and with
geometric and repetitive designs [9]. It is generally stated
that external wall paintings are specially aﬀected by changes
in temperature and humidity, deteriorating phenomena
associated with soluble salts, and microbiological activity,
among others [10]. There are a variety of methods that
can be used to investigate ancient pigments and mural
paintings; the most suitable methods for each study are chosen depending on the type and amount of sample available
[11]. Several complementary analytical techniques are usually required to provide insight into the degradation processes of the materials in the wall layers, as well as to gain
understanding on the composition of these materials and
the painting techniques used [12]. In this study, a range of
analysis was performed on samples taken from mural paintings to investigate the current state of conservation of the
archaeological site. These include colorimetry and macrophotography, Optical Microscopy (OM), Scanning Electron

Microscopy in combination with Energy Dispersive X-ray
Microanalysis (SEM-EDX), X-ray Diﬀraction (XRD), micro
X-ray Diﬀraction (μ-XRD), Wavelength Dispersive X-ray
Fluorescence (WD-XRF), and Fourier Transform-Infrared
Spectroscopy (FT-IR).
Each one of the building complexes is unique, and the
study of the materials found in them can give relevant information about the civilizations that inhabited the region in
these periods of history. In this work, a complete multiapproach characterization of mural paintings from the Cercadilla archaeological site is presented, for the ﬁrst time,
bringing valuable information about the state of conservation
of the site as well as the materials and techniques used by
Roman and Arabic civilizations.

2. Materials and Methods
Nineteen samples of Roman and Arabic mural paintings
were taken from the Cercadilla archaeological site (Table 1).
The Roman samples belonged to the thermal zone of the palace; they were located in one of the three bathtubs that deﬁne
a room destined to a cold water bath (frigidarium). Speciﬁcally, the paintings were found between two rectangular
baths, in a central semicircular bath. On the other hand, the
Arabic samples were found in two houses attributed to the
Caliphal suburban, named as zone 1 (Is-01, Is-02, Is-03, Is04, Is-05, and Is-06) and zone 2 (Is-07 and Is-08). The samples were taken from not-treated zones. The mural paintings
were white and red in both Roman and Arabic samples. In
the case of the Roman ones, the paintings had vertical red
stripes and red horizontal paint on the edges, as decoration
motifs over the white paint. On the other hand, the Arabic
paintings presented red decoration with vertical and

4

Scanning

(a)

(b)

(c)

(d)

Figure 2: Areas with mural painting remains: (a) the bath with Roman mural painting is showed; (b) a detail of one of the red stripes; (c) one
of the Arabic houses are showed; (d) a detail of Arabic mural painting.

horizontal white stripes on the edges and vegetal motifs in
one of the houses (Figure 2).
The study of the mural paintings was carried out through
several techniques including in situ techniques such as colorimetry (using a portable Colorimeter X-Rite Series SP60 to
obtain the L∗ a∗ b∗ attributes) and macrophotography (using
a Zarbeco MiScope 2000 digital microscope with visible,
infrared, and ultraviolet light), in order to observe in detail
the paintings and to document their state of conservation.
A large amount of points were taken with the colorimeter
to ensure that a representative group of measurements were
gathered. Macrophotographs were also taken in diﬀerent
areas of the Roman and Arabic mural paintings.
The cross section of the painting (stratigraphy) was studied with Optical Microscopy (OM) (Leica DM4000M
model), which allowed to determine the number and
sequence of layers as well as their thickness. The analysis of
the cross section of the samples can provide a number of
important data on the technique used in its preparation
and its state of conservation. The analysis of the samples with
an optical microscope allows to appreciate the stratigraphic
structure, the colours of the diﬀerent layers with pigments
and the support, the textural aspects, thickness in the samples, and also the presence of inclusions with diﬀerent
sizes of particles [13]. The microscopic study included
observation with UV light and staining-based techniques
to investigate organic binders on cross sections. The staining tests were acid fuchsin for identifying animal glues,
gelatines, and egg proteins; Sudan black B, for lipids; and
Lugol solution, for starches.
In order to determine the elemental chemical composition of the diﬀerent layers (pigment and preparatory
layers), the pigments used were identiﬁed using Scanning
Electron Microscopy in combination with Energy Dispersive X-ray spectrometry (SEM-EDX) (JEOL Jsm-5600LV

with Oxford microanalyser INCA Energy 200). Electron
microscopy coupled with energy dispersive X-ray spectrometry is now one of the most signiﬁcant and powerful analytical instruments that are often used for the characterization
of historical pigments [12]. The test with microscope and
chemical microanalysis allows to discover the stratigraphic
structure and composition of the materials that deﬁne the
sample [14].
Eight of the samples were prepared for OM and SEMEDX, four of which were Arabic (Is-06 and Is-08 as red
samples, Is-02 and Is-03 as white samples), and the other
four were Roman (Rom-01 and Rom-02 as red samples,
Rom-03 and Rom-06 as white samples). The samples were
included in a bicomponent methacrylate resin of selfcuring and prepared in cross section. Four samples (Is-06,
Is-03, Rom-02, and Rom-03) were coated with a thin layer
of gold to improve conductivity and to avoid charging during the SEM-EDX examination, using a sputter coater Scancoat Six, Pirani 501 Model.
X-ray Diﬀraction (XRD) analysis was carried out in a
Bruker D8 Advance diﬀractometer to analyse the mineralogical composition of mortars. The Rietveld reﬁning method
has been used in the quantiﬁcation by XRD applying the
Match! software version 3; the results were normalised.
Two mortar samples were analysed in total (one Arabic
(Is-08) and one Roman (Rom-10) mortars). Both samples
were grinded to powder and then sieved to achieve a suitable grain size [15].
Moreover, micro X-ray Diﬀraction (μ-XRD) (Bruker
Discover X-ray diﬀractometer) was carried out to determine
the mineralogical composition of the mural paintings. The
analyses were performed nondestructively on the surface of
the painting samples. This technique is very sensitive and
recommended for painting layers in order to detect the presence of small grains of pigments. For this analysis, four
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Figure 3: Macrophotographs: (a) Roman mural painting; (b) Arabic mural painting.

samples were selected: two Roman and two Arabic painting
samples (Rom-05 and Rom-09; Is-05 and Is-03, with red
and white paintings, respectively).
Arabic and Roman mortar samples (Is-08 and Rom-10)
were also examined by Wavelength Dispersive X-ray Fluorescence (WD-XRF), with a PANalytical XRF equipment
AXIOS Model. Powder pellets were prepared to carried out
the analyses by WD-XRF: 1 g of grinded powder mortar
was mixed with lithium-tetraborate (66 wt%) and lithium
metaborate (34 wt%). The mixture was processed for loss
on ignition (LOI) at 1050°C using the Eagon 2 fusion instrument (PANalytical).
Finally, Fourier Transform-Infrared Spectroscopy (FTIR) was carried out to analyse mortars and painting samples
(Rom-02, Rom-03, Is-02, Is-03, Is-06, and Is-08) using a PerkinElmer Spectrum Two with a diamond crystal (Attenuated
Total Reﬂectance (ATR)). The samples were pressed against
the ATR crystal nondestructively without grinding. The
spectra were collected in the range 450-4000 cm-1 employing
16 scans average for each spectrum and a spectral resolution
of 1 cm-1. The references employed for the FT-IR wavenumbers are published in the Infrared and Raman Users Group
Spectral Database [16] and in the Spectral Database for
Organic Compounds (SDBS) [17].

3. Results and Discussion
3.1. Colour and Surface Description. Macrophotographs and
colorimetry are important to establish a data record to aid
future restorations. These methods allow to judge whether
the conservation treatments of painted surfaces have altered
the appearance of the paintings [18].
From the photographs taken (both general and macro),
the Roman mural painting seems to be cohesive but with
clear signs of deterioration on the surface of the pictorial
layer (Figure 3(a)). Many alterations have been detected such
as the presence of white salts on the painting surface and
lichens (yellow, green, and brown) and the presence of
insects and others animals. In addition, some mechanical
damages were observed in the form of cracks. The superﬁcial crust goes through several colour tones, from a whitish, another cream-coloured, to darkish tones, covering
practically all the bath surface. As the presence of red

paint was uncertain, some surfaces were measured with
the colorimeter. The L∗ a∗ b∗ attributes obtained conﬁrmed
that these areas contained red paint, reinforcing the previous supposition and concurring with the spatial arrangement of the paintings.
The Arabic mural painting looks less cohesive and powdered than the Roman ones; hence, it presents various marks
of ﬂaking (detachment of the paint layer), even though it has
been previously restored. Moss and lichen colonization penetrates into the inner layers and may produce fractures and
loss of material. The insects observed over the wall might
contribute to this mechanical damage due to their dug
galleries. One of the macrophotographs taken is shown in
Figure 3(b), where cracks and ﬁssures, as well as loss of the
paint layer and eﬄorescences, can be observed.
As expected, the colorimetric data showed a clear separation between the white paint group and the red paint
ones. In the case of the zones with white mural painting,
the a∗ attribute (red-green values) had a positive value
higher than what is expected. This is possibly due to the
salt superﬁcial layer which covers almost all the painting
surface with a brownish tone.
3.2. Stratigraphy of the Paintings. At least four layers
(Figure 4(a)) with diﬀerent grain size particles were revealed
by OM in the Roman red mural painting samples (Rom-01,
Rom-02, Rom-04, and Rom-11). In the deepest layer (named
as C1), the preparatory layer is observed. This is composed of
coarse grains with a range of grain sizes comprising diﬀerent
minerals, even fossil fragments. This deepest layer was
applied to equalize the mural substratum. Besides, this layer
also contained ceramic and brick fragments. This goes in line
with the opus signinum technique, which was commonly
applied to keep the humidity in the bath stable. Over this ﬁrst
layer, there are two more preparatory layers, named in
Figure 4 as C2 and C3 layers. The thickness measurement
in C2 layer ranges from 100 to 120 μm whereas in C3 layer,
range is from 45 to 50 μm. The grain size in these layers is
smaller than in layer C1 where some grains even reach
200 μm. The aim of the two layers was to prepare the surface
to apply the paint layer in a uniform way. The outermost
layer corresponds to the pictorial layer, named C4. The thickness of this layer ranges from 10 to 20 μm. An irregular
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(a)

(b)

Figure 4: (a) Microphotograph carried out by Optical Microscopy of the Roman red mural painting sample Rom-01, where the pictorial and
preparatory layers are shown. (b) Backscattered electron image of the Roman red mural painting sample (Rom-01). Four layers were observed
in the Roman samples (C1-C4), which present a diﬀerent grain size from the inner (coarser) to the top (thinner).

(a)

(b)

Figure 5: (a) Microphotograph carried out by Optical Microscopy of the Roman white mural painting sample Rom-06, where the pictorial
and preparatory layers are shown. (b) Backscattered electron image of a Roman white mural painting sample (Rom-03). Two preparatory
layers (C2 and C3) and the pictorial layer (C4) are shown. In addition, an eﬄorescence that cover the pictorial layer is shown (C5 layer).

brown coating is observed covering this last layer which is
attributed to dirt (i.e., salts and lichen colonization present
on the mural surface).
White painting samples of the Roman period (Rom-03,
Rom-06, and Rom-07) showed at least ﬁve layers
(Figure 5(a)). The ﬁrst three layers (C1, C2, and C3) correspond to the preparatory layers, where thickness ranges from
100 to 120 μm in the case of C3 layer. Similar to the red
painting samples, the grain size of the white paint also
decreases with the proximity to the pictorial surface. The
paint layer was named C4, with thickness from 120 to
150 μm. Above it, there was another layer (C5) that possibly
was an eﬄorescence that had emerged to the surface, covering part of all the white paint providing it with a darker tone,
where thickness ranges from 5 to 30 μm. Finally, dirt and
green vegetation were present over the C5 layer. The neat
separation between the pigment and the last preparatory
layer further suggests that the latter was already dried when
it was decorated [19–24].
Roman samples (Rom-01 and Rom-06) revealed red ﬂuorescence to ultraviolet light, which was attributed to the
presence of ceramic fragments added to increase the impermeability of the structure. Moreover, some grains of these

samples showed blue ﬂuorescence, but it may be due to the
presence of impurities.
The application of multiple layers with an increasingly
ﬁne granulometry is common in the Roman technique while
in the case of the Arabic mural painting, the number of layers
is smaller.
The Arabic mural paintings showed at least four layers
(Figure 6(a)). Red mural painting samples (Is-06, Is-07, and
Is-08) were composed of two preparatory layers and two
red painting layers. With regard to the two preparatory
layers, the deepest layer (C1) present thicker grains than
the overlapped preparatory layer (C2), in order to prepare
the surface to apply the paint layer.
Another point was the whitish tones present in the Arabic preparatory layers, probably because the Arabic samples
do not present remains of ceramic and brick fragments, like
in the case of Roman samples which are hydraulic, and that
is why its consistency is powdery and loosely cohesive. Looking in the red pictorial layers again, the presence of two layers
with the same colour overlapping itself catches the attention.
The deepest, named C3, is wider than the layer immediately
above, where thickness ranges from 50 to 80 μm, whereas
C4 thickness layer goes from 10 to 15 μm. The presence
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Figure 6: (a) Microphotograph carried out by Optical Microscopy with 20 magniﬁcation of the Arabic red mural painting sample Is-08,
where the pictorial layers and one preparatory layer are shown. (b) Backscattered electron image of the Arabic red mural painting sample
(Is-08). A detail of the two overlapped painting layers (C3 and C4) was observed.

(a)

(b)

Figure 7: (a) Microphotograph carried out by Optical Microscopy with 20 magniﬁcation of the Arabic white mural painting sample Is-02,
where the pictorial layer and one preparatory layer are shown. (b) Backscattered electron image of the same sample (Is-02). The white
pictorial layer is shown in detail, where the heterogeneity of the pigment grains is observed.

of a dirt layer between the two red layers with a thickness
of 5-10 μm should be pointed out. These suggest that initially the mural painting only had one pictorial layer and
the wall was repainted later over the ﬁrst layer, capturing
the dirt between them.
The white Arabic paint (Figure 7(a)) (Is-01, Is-02, Is-03,
and Is-04) presented at least three layers. The deepest layers
(C1 and C2) are preparatory layers, changing from coarser
grains to ﬁner grains as they rise to the pictorial surface.
The last layer (C3) belongs to the white pigment, which is
thinner (from 50 to 70 μm), while another overlapped dirt
layer can be observed. In this case, the lichen colonization
goes through the preparatory layers damaging the deeper
layers. In addition, some black inclusions as well as vegetal
remains were observed in the preparatory layers, likely added
during the manufacturing process.
In the manner of Roman paintings, the Arabic paintings
show also a clear distinction between the preparatory layers
and the colour layer, which is a characteristic of the secco
technique [19–24]. However, the lower number of preparatory layers in the case of Arabic wall paintings compared to
the high number of layers of plaster applied in Roman samples is worth highlighting [25, 26].

In addition, a binder based on proteins was detected in
the staining-based analyses performed to determine the
organic binders of the secco technique. Arabic and Roman
samples (Is-03, Is-06, Rom-02, and Rom-03) showed a positive response to the acid fuchsin staining test and negative
responses for the other staining tests such as Sudan black B
and Lugol solution. FT-IR analyses did not allow determining the proteins employed.
3.3. Chemical and Mineralogical Characterization. Preparatory layers of the Roman mural painting showed a high
amount of calcium and, to a lesser extent, silicon and aluminium (Figure 8) by SEM-EDX analyses. Calcium, silicon, and
aluminium were detected in red samples (Rom-01 and
Rom-02) and white samples (Rom-03 and Rom-06)
(Figures 4(b), 5(b), and 9–12). These results suggest that
the preparatory layer was mainly composed of calcite
(CaCO3) (Table 2).
The presence of calcium carbonate (calcite (CaCO3)) in
high amounts in the preparatory layers is explained by the
use of slaked lime (calcium hydroxide (Ca(OH)2)) as a raw
material, which undergoes a process of carbonation by reaction with atmospheric CO2. Another reason to the presence
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Figure 8: Spectra obtained by SEM-EDX in the Roman samples Rom-02 (red) and Rom-03 (white). (a) Calcium, aluminium, silicon, and
phosphorous were detected in an area of the preparatory layer (Rom-02). (b) Calcium, silicon, aluminium, and iron were detected in point
analysis of the pictorial layer (Rom-02). (c) Calcium, silicon, aluminium, potassium, and iron were detected in an area of the preparatory
layer (Rom-03). (d) Calcium and phosphorous were detected in point analysis of the pictorial layer (Rom-03).

(a)

(b)

Figure 9: Backscattered electron images of two Roman samples. A detail of the painting layer is shown: (a) Rom-02 that presents red pigment,
where the homogeneity of the grain is observed; (b) Rom-03 that corresponds to a white mural painting sample, which presents a high
heterogeneity of grain size.

of calcite in the preparatory layers could be due to the
addition of sand and gravel CaCO3 as an inert material
[25]. Calcite (CaCO3) has been used since antiquity, especially in preparatory layers and to a lesser degree as a pigment. It can be natural or artiﬁcial in origin. Its natural
varieties include chalk, which is a white, soft, and porous
rock, composed of an accumulation of the remains of
marine microorganisms [27]. In this case, several fossil
remains were observed in the inner layers of the Roman
mural paintings, conﬁrming its natural origin.
Silica and albite were in low proportion (Table 3) in
the mortar lime, likely added as sand during the manufacturing process.

Besides, phosphorus was detected in the preparatory
layers in two Roman samples (Rom-02 and Rom-03),
indicating the presence of crushed bones (Ca3(PO4)2)
(Figures 8(a) and 8(d)). The preparatory layers showed
also the presence of iron, silicon, aluminium, and potassium
(Figure 8(c)). The presence of these elements indicates that
ceramic fragments were added in the mortar manufacturing;
this goes in line with the red tone observed in the preparatory
layers of the Roman paintings. Calcite was used as a white
pigment in the Roman paintings.
Furthermore, the red layers present calcium, iron, aluminium, and silicon (Figure 8(b), Table 2); therefore, it is
concluded that red earth was employed as red pigment
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(a)

(b)

Figure 10: (a, b) Backscattered electron images of the Rom-03 sample which presents white pigment. (b) A detail of the pigment layer is
shown. In addition, some mechanical damages as cracks were observed.

500 휇m

Figure 11: Backscattered electron image of the Roman red mural painting sample (Rom-02), where the preparatory layers (C1-C3) and the
pictorial layer (C4) are shown.

500 휇m

Figure 12: Backscattered electron image of the Roman white mural
painting sample (Rom-03), where the preparatory layers (C1-C3)
and pictorial layer (C4) are shown.

[28]. Moreover, the preparatory layer was compound of a
mixture of slaked lime and aggregates such as sand or
ceramic materials in the Roman period. It was improved by
adding the silica and alumina contained in volcanic ash,
known as pozzolanic materials [29]. This fact explained the
presence of those elements in the samples. The use of those
materials was common, particularly in the preparation of
mortars and plasters used in damp areas to improve the
mechanical strength of these buildings [20].
Regarding the XRD analysis, the mineral phases identiﬁed in the Roman mortar sample (Rom-10) were mostly cal-

cite (CaCO3) and quartz (SiO2) and, in a less extent,
phyllosilicate minerals (Table 3).
The high calcium content observed suggests that it is the
main component of the Roman mural painting preparatory
layers, which corroborate the results obtained by SEMEDX. The elevated silicate mineral content in this sample
(Rom-10) could confer impermeable properties to the baths
(opus signinum constructive technique).
These kinds of mortars are more resistant in the outdoors due to the possibility of a pozzolanic reaction
between the ceramic aggregates and lime. That reaction
can be contributing to the better behaviour (more internal
cohesion and durability) of these mortars [30]. The preparatory layers of the Roman samples (Rom-01, Rom-02,
Rom-03, Rom-04, Rom-06, Rom-07, and Rom-11) had a reddish tone due to the presence of ceramic fragments according
to OM observations.
Moreover, gypsum was detected on the surface of Roman
mural paintings (Rom-05 and Rom-09) by μ-XRD analysis as
a result of alteration of inner layers (Table 4).
Chemical composition of mortars analysed by WD-XRF
is shown in Table 5. Silicon, aluminium, and calcium were
observed as the main elements in the Roman mortar
(Rom-01). The presence of other elements such as iron and
magnesium was also identiﬁed in lower quantities. Remarkably, the amount of silicon was signiﬁcantly superior to the
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Table 2: Chemical composition of preparatory and pictorial layers from Roman (Rom) and Arabic (Is) samples by SEM-EDX (wt%).

Sample code

Layer
Preparation

Rom-01

Pictorial layer
Preparation

Rom-02

Pictorial layer
Preparation

Rom-03

Pictorial layer
Preparation

Is-02

Pictorial layer
Preparation

Is-03

Pictorial layer
Preparation

Is-06

Pictorial layer
Preparation

Is-08

Pictorial layer

Sublayer

CaO

SiO2

Al2O3

Fe2O3

K2O

C1
C2
C3
Red

40,5
62,6
95,6
50,1

59,5
37,4
4,4
37,5

—
—
—
8,2

—
—
—
4,2

—
—
—

C1
C2
C3
Red

39,8
56,4
89,4
49,3

50,1
31,7
10,6
36,4

5,3
6,5
—
9,0

3,9
4,1
—
5,3

0,9
1,3
—
—

C1
C2
C3
White

33,4
33,2
46,6
86,0

66,6
49,9
41,9
14,0

—
8,1
7,2

—
—
4,3

—
1,6
—

C1
C2
White

77,5
75,9
73,0

19,3
20,7
25,3

1,8
2,1
0,8

1,3
1,3
0,8

—
—

C1
C2
White

61,0
63,6
78,5

34,2
33,5
15,6

3,2
2,1
3,4

1,6
0,8
2,4

—
—
—

C1
C2
Red

78,5
76,6
40,0

21,5
23,4
22,5

—
—
4,4

—
—
33,2

—
—
—

C1
C2
Red

81,6
71,5
39,0

14,9
24,0
3,3

2,5
2,7
1,0

1,0
1,4
56,7

—
—
—

Note: C1, C2, and C3 correspond to preparatory layers, from the inner zone to the top, where the pictorial layer is placed. The pictorial layer is described by its
colour (red or white).

Table 3: Mineralogical composition by X-ray Diﬀraction for the
Roman and Arabic mortar samples.
XRD

Roman sample (Rom-10)

Arabic sample (Is-08)

58,1%
32,0%
9,9%
N.D.
N.D.

95,6%
2,6%
N.D.
0,4%
1,4%

Calcite
Quartz
Phyllosilicate
Albite
Gypsum
N.D.: not detected.

Table 4: Mineralogical composition by micro X-ray Diﬀraction for
the Roman and Arabic painting surfaces.
μ-XRD
Calcite
Quartz
Gypsum
Hematite

Roman samples
Rom-09
Rom-05
(white)
(red)
52,4%
11,8%
35,8%
N.D.

N.D.: not detected.

60,3%
3,6%
36,1%
N.D.

Arabic samples
Is-03
Is-05
(white)
(red)
57,9%
3,3%
38,8%
N.D.

55,8%
12,1%
20,9%
11,2%

amount of calcium. This fact could be attributed to impurities in the original limestone, or most probably, it could indicate that quartz was added to avoid shrinking and crack
formation in the paint [31]. Likewise, aluminium was found
in a slightly higher concentration than calcium. These results
could be associated with the addition of several ceramic fragments during the mortar manufacture in order to confer a
greater resistance and impermeable properties. Moreover, a
slight quantity of phosphorus was observed. This element
was related to the possibility of crushed bone addition
already mentioned in the SEM-EDX analysis.
According to SEM-EDX results, calcium is the most
abundant element in the Arabic mural painting (Is-02,
Is-03, Is-06, and Is-08) and silicon is the second element
in proportion (Figures 13 and 14). Both elements were
detected in the analysis of the preparatory layers
(Figure 15(c), Table 2). The deepest layer of preparation
had more quantity of quartz grains, and they were larger
than the upper layers where the quartz grain are smaller
and in less quantity to obtain a homogeneous surface to
apply the paint layer. The Arabic mural painting manufacture is diﬀerent from the Roman ones in the number of
preparatory layers, only two layers while Roman employed
up to three layers of mortars with diﬀering quantities of
quartz. A similar technology process has been found in
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Table 5: Chemical composition of mortar samples from Roman (Rom) and Arabic (Is) samples by WD-XRF (wt%).

Sample

SiO2

Al2O3

Fe2O3

MnO

MgO

CaO

Na2O

K2O

TiO2

P2O5

SO3

Rom-01
Is-08

36,42
12,61

8,45
2,33

3,40
0,75

0,11
0,02

1,13
0,59

7,97
66,33

0,21
0,11

2,12
0,50

0,34
0,08

0,31
0,32

0,05
0,28

1 mm

Figure 13: Backscattered electron image of the Arabic white mural
painting sample (Is-03), where the preparatory layers (C1-C2) and
pictorial layer (C3) are shown.

1 mm

Figure 14: Backscattered electron image of the Arabic red mural
painting sample (Is-06), where the preparatory layers (C1-C2) and
pictorial layer (C3) are shown.

other Arabic mural paintings [22, 23, 25]. Sulphur was not
detected in area analysis in the preparatory layer of the
Arabic samples, whereas some small grains in the preparatory layer that contained sulphur and calcium were
observed. This suggest that gypsum was present in the
preparatory layer in a very low proportion.
Several pigment grains with a high amount of iron
(33-57%) were observed by SEM-EDX (Figures 6(b), 14,
15(a), 16 and 17) in red Arabic samples (Is-06 and Is-08).
Silicon, aluminium, and iron were also detected in other
grains with less frequency in the red pictorial layer
(Figure 15(b)). This result suggests that red ochre pigment
was employed, a mixture of hematite (Fe2O3) and red earth.
Hematite was commonly employed in Andalusia as a pigment because it was easy to prepare or obtain and because
of its low cost [9].
The Arabic white samples (Is-02 and Is-03) showed
similar results in the preparatory layers (Figures 7(b), 13,
and 16). That means that preparatory and pigment layers
are composed of calcite (Table 2). In fact, the white pigment
used was calcite, although with a thinner grain than in the
case of the preparatory layers.
The mineralogical phases found in the Arabic mortar
sample (Is-08) by XRD analysis have been identiﬁed as calcite, as a major component, and quartz and gypsum as minor
components. In addition, a small amount of albite, a sodium
aluminosilicate, was detected (Table 3).

Calcite as a major compound of the preparatory layers
was observed in the Arabic painting samples (Is-03 and Is05) by μ-XRD analysis (Table 4). In minority amounts, silica
was obtained, like in the case of the XRD analysis; likewise,
quartz was also found in the SEM-EDX analysis as small
grains, which could be added intentionally during the
manufacturing of the mural painting or due to the presence
of this mineral in the raw materials as an impurity, as it
was already supposed in the prior techniques. Regarding
the red painting layers of the Arabic samples, hematite was
identiﬁed as main pigment.
These results reveal some compositional diﬀerences
between Arabic and Roman samples. Gypsum was present in
Arabic samples (Is-08) as a component in mortars (Table 3),
while it was not in mortars of the Roman samples (Rom-10).
On the other hand, phyllosilicate minerals were only detected
in Roman mortars, likely due to the type of sample (bath
zone) where the hydraulic nature was more necessary. Albite
appears only in Arabic mortars in small quantities. These
additives (phyllosilicates) modify the porosity, the volume,
and the contraction of the mortars, providing mortars with
this characteristic hydraulic nature [32].
The presence of gypsum on the surface of Roman and
Arabic painting samples (Rom-05, Rom-09 and Is-03, Is-05,
respectively) detected by μ-XRD can lead to suppose that it
could be associated with alteration products from the inner
layers (Table 4).
Besides, according to the prior results, calcium was found
as a major component of the Arabic mortar (Is-08 sample) in
the analyses performed by WD-XRF (Table 5), followed by a
low percentage of silicon and, in minor quantities, other elements (aluminium, iron, and magnesium). That silicon content could be due to the addition of quartz during the
manufacture. Besides, the low content of aluminium, iron,
and magnesium might be associated with phyllosilicates;
similar results have been observed in other Arabic mortar
samples of the same periods [22, 23, 25].
Finally, the mural painting samples have been characterized by FT-IR (Rom-02 and Rom-03; Is-02, Is-03, Is-06, and
Is-08). Regarding the mortars of the Arabic samples (Is-02,
Is-03, Is-06, and Is-08), carbonates with very intense peaks
at 1404 cm-1, 873 cm-1, and 712 cm-1, owing to the presence
of calcite in the sample, have been detected. Besides, sulphates were observed through small peaks at 3520 cm-1,
3400 cm-1, and 1100 cm-1, probably associated with small
amounts of gypsum present in the mortar samples. Lastly, a
small peak of quartz was observed at 1079 cm-1. The Roman
mortar samples (Rom-02 and Rom-03) present a similar
composition: calcite (1404 cm-1, 873 cm-1, and 712 cm-1)
and quartz (1079 cm-1).
Hematite pigment was identiﬁed in the painting layer of
the red Arabic samples (Is-06 and Is-08), through the intense
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Figure 15: Spectra obtained by SEM-EDX in the Arabic samples Is-06 (red) and Is-03 (white). (a) Iron and silicon were detected in point
analysis of the red pictorial layer (Is-06). (b) Silicon, calcium, and iron were detected in point analysis of the red pictorial layer (Is-06). (c)
Calcium, aluminium, and silicon were detected in an area of the preparatory layer (Is-06). (d) Calcium, aluminium, and silicon were
detected in the white pictorial layer (Is-03).

(a)

(b)

Figure 16: Backscattered electron images of two Arabic samples. (a) Is-06 presents red pigment. In addition, vegetal remains were observed,
as well as a great homogeneity of the grains of the preparatory layer. (b) Is-02 corresponds to a white mural painting sample. Mechanical
damages (cracks) and the heterogeneity of the grains were observed in the preparatory layers.

peaks observed at 1030 cm-1, 540 cm-1, and 470 cm-1 and a
broad band at 3140 cm-1, and also, the presence of 3690 cm-1
and 1000 cm-1 peaks with a lower intensity allows to deduce
that a small quantity of red earth was also present in the
painting samples. Regarding the white painting layer of the
Arabic samples (Is-02 and Is-03), carbonates were detected,
where intense peaks were observed at 1404 cm-1, 873 cm-1,
and 712 cm-1. On the other hand, in the red painting layer
of the Roman sample (Rom-02), red earth was identiﬁed
(3690 cm-1 and 1000 cm-1), whereas carbonates (1404 cm-1,
873 cm-1, and 712 cm-1) were detected in the white painting layer of the Roman sample (Rom-03) [16, 17].

4. Conclusions
The lack of knowledge about the mural paintings of the
archaeological site of Cercadilla has allowed to conduct
this work in order to shed light on the materials and techniques used.
In general, the Roman mural painting stratigraphies presented a larger number of overlapped layers (3-4) with a careful selection of raw materials, according to the references
consulted. The Arabic sample stratigraphy presents a smaller
number of preparatory layers (1-2), and the granulometry of
the sand added is thinner. In addition, it was observed that
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(a)

(b)

Figure 17: Backscattered electron images of an Arabic red mural painting sample (Is-06). (a) A crack present in the preparatory layer is
shown. (b) A detail of the painting layer is observed.

the Arabic paints presented two pictorial layers, probably due
to a repaint at some point in the past.
The use of a wide number of analytical techniques showed
that the preparatory layers, in Roman and Arabic paints, were
mainly composed of calcite and in a lower amount of quartz
sand. These were possibly added during its manufacturing,
or they could also consist of impurities in the raw material.
In the case of the Roman samples, the presence of iron, silicon,
aluminium, and potassium (silicate minerals) was also
observed. This could be attributed to the use of ceramic fragments in the mortar manufacturing in order to confer hydraulic properties (i.e., opus caementicium and opus signinum
constructive techniques) for the building of the baths.
Regarding the pictorial layers, it is concluded that red
earth was used in the Roman paintings as red pigment,
whereas calcite was used as white pigment. In the case of
the Arabic paints however, ochre pigment was employed.
This pigment contains hematite in high concentration and
red earth in low proportion. The white pigment in the Arabic
samples was mainly composed of calcium carbonate (calcite).
In conclusion, diﬀerences in production technology
were identiﬁed. The Roman samples used a higher quality
manufacturing technology than Arabic samples. The use of
these kinds of materials, in both periods, concurs in comparison not only with other wall paintings analysed in the
Peninsula regardless of whether it was close chronologically
or geographically. The use of these materials was due to the
proximity of the archaeological enclaves and the abundance
of those materials in the area, as much as the same tradition
in the elaboration of the mural paintings, which was generally based on Vitruvius treatises. In addition, the use of some
materials or others in turn depends on the importance and
use of the building.
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To understand in-depth material properties, manufacturing, and conservation in cultural heritage artefacts, there is a strong need
for advanced characterization tools that enable analysis down to the nanometric scale. Transmission electron microscopy (TEM)
and electron diﬀraction (ED) techniques, like 3D precession electron diﬀraction tomography and ASTAR phase/orientation
mapping, are proposed to study cultural heritage materials at nanoscale. In this work, we show how electron crystallography in
TEM helps to determine precise structural information and phase/orientation distribution of various pigments in cultural
heritage materials from various historical periods like Greek amphorisks, Roman glass tesserae, and pre-Hispanic Maya mural
paintings. Such TEM-based methods can be an alternative to synchrotron techniques and can allow distinguishing accurately
diﬀerent crystalline phases even in cases of identical or very close chemical compositions at the nanometric scale.

1. Introduction
The analytical examination of glasses, glazed artefacts, and
pigments associated with cultural heritage activities is an
important ﬁeld in archaeometry science. The techniques
that are involved are either totally non- or quasi-destructive
aiming at providing information towards chemical ﬁngerprinting (e.g., XRF (X-ray ﬂuorescence), ICP-MS (inductively coupled mass spectrometry), EDS (energy-dispersive
X-ray spectroscopy), EPMA (electron probe microanalysis),
XRD (X-ray diﬀraction), and Raman spectroscopy). In all
those techniques, resulting data either provide average information from the bulk of the sample or from local analyses

on areas that are several tens of microns, missing therefore
critical information when various nanoscale mineralogical
phases may be involved.
For the structural characterization of materials at the nm
scale, transmission electron microscope (TEM) electron diffraction techniques like ASTAR phase/orientation mapping
[1, 2] and electron diﬀraction tomography (ADT) [3, 4] have
shown very promising results for a wide range of materials
like metals, alloys, ceramics, natural minerals, semiconductors, nanowires, organic natural and synthetic pigments,
organic materials, and pharmaceutical compounds [5].
In the case where structural information of the studied
material is known, phase and orientation mapping provides
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Figure 1: Electron diﬀraction tomography (ADT): diﬀraction patterns are collected by sequential tilting of crystal, adapted from previous
work [9].
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Figure 2: Setup for the ASTAR technique: electron diﬀraction patterns are collected while the beam is scanned over the sample. All patterns
are compared to a set of precalculated templates to recognize the local orientation. Typical outputs are orientation/phase maps as well as
virtual bright- or dark-ﬁeld images.

information about the distribution of various phases in the
sample; in the case where structural information for a given
sample is completely unknown, electron diﬀraction tomography (ADT) in combination with chemical analysis helps
precise structural characterization, providing precise information about individual phases of an object of interest. The
development of TEM-related analytical tools like electron
energy loss spectroscopy (EELS), high-resolution imaging

(HREM), energy-dispersive X-ray spectroscopy (EDS), 3D
imaging, and electron diﬀraction tomography in addition
to the wider access/availability TEM in various laboratories
worldwide has made TEM an interesting alternative
synchrotron-based technique. On the other hand, combination of advanced electron diﬀraction-based techniques
(phase/orientation mapping and electron diﬀraction tomography) has been used in few cases to solve complex material
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Figure 3: (a) Region of Thebes where glass amphorisks were found; (b) blue-colored glass fragment; (c) optical microscope image of the
thinned slice; (d) typical ancient amphorisks.

science problems [6], where its application in archaeometry
has only been reported very recently [7–10]. In previous
work [8, 9], we have focused on the study with ADT of small
crystallites used as pigments in colored Roman tesserae
(green, yellow, white, and diﬀerent shades of blue). The present work is focused on the study of various pigments from
diﬀerent historical periods (Ancient Greek/Roman, pre-Hispanic) and diﬀerent types of artefacts (amphorisks, glass
tesserae, and Mayan mural paintings) using a combination
of ADT and ASTAR orientation/phase mapping techniques
in TEM to shed light in the various materials used/present
in the artefacts. In this current article, our previous work
on pigment characterization in yellow glass Roman tesserae
[8] has also been summarized.

2. Materials and Methods
2.1. Sample Preparation. A small piece of Greek amphorisks
was polished to a thin lamella a few millimeters wide, which
was subsequently treated by ion milling to obtain electron
beam transparent areas.

Electron beam transparent lamellae of Roman tesserae
(4 × 4 μm size and approximately 100 nm thick) were
prepared by focused ion beam (FIB) using the FEI Helios
NanoLab 600 DualBeam FIB, at LMA Zaragoza (Spain).
The FIB protocol for lamella preparation was described in
detail elsewhere [8]. The sample was lifted out from FIB
and attached to speciﬁc TEM grids for further TEM analysis.
Pre-Hispanic pigment samples were prepared by grinding the powder in a mortar and then transferred by drop
suspension on a carbon-coated copper TEM grid.
2.2. Analytical Techniques and Instrumentation. For TEM and
STEM-EDS (scanning transmission electron microscopy–
energy-dispersive spectroscopy) observations, a TEM JEOL2100F (FEG, 200 kV) and a LIBRA 120 (LaB6, 120 kV),
both equipped with a DigiSTAR precession system and
ASTAR phase/orientation mapping system (NanoMEGAS
Sprl, Belgium) [11], were used. The chemical composition
from the polished thin cross sections were obtained by
EMPA (electron microprobe analyzer), using JEOL JXA8230 at the Centres Cientíﬁcsi Tecnològics of the Universitat
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Figure 4: (a) Blue-colored glass TEM sample containing crystalline inclusions (marked as crystals 1-3) embedded in an amorphous glass
matrix. (b) EDX measurement from one of the crystallites. ADT-reconstructed volumes of individual nanocrystalline precipitates with
hexagonal P6/mcc symmetry, viewed along [001] (c) and along [110] (d) reciprocal space directions, respectively.

de Barcelona, Spain. It is useful to note that the STEM-EDS
spatial resolution is much superior to that of EMPA (35 nm vs. 1 micron) where the STEM-EDS energy resolution

is inferior compared to that of EMPA (5-20 eV vs. 130150 eV). Therefore, in the case of chemical composition
analysis of samples at the nm scale, a combination of both
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Table 1: EPMA microanalysis data performed on several areas of the fresh blue glass sample.

No.

SiO2

1
2
3
4
5
6
7

75.75
72.22
74.81
72.23
72.64
72.38
71.29

Oxide detection in wt%
Al2O3 MgO Na2O TiO2 CaO SnO2 K2O MnO FeO CoO CuO
2.45
2.42
2.45
2.45
2.44
2.51
2.4

0.45
0.45
0.55
0.53
0.51
0.56
0.53

0.02
0.02
0.01
0.02
0.03
0.03
0.02

0.06
0.03
0.05
0.07
0.07
0.07
0.09

6.23
6.56
6.26
6.42
6.45
6.40
6.60

0
0
0
0
0
0
0

0.24
0.26
0.24
0.26
0.27
0.27
0.23

0.01
0.01
0.01
0.00
0.01
0.01
0.01

0.88
0.84
0.92
0.91
0.93
0.90
0.93

0.25
0.26
0.25
0.27
0.27
0.27
0.27

0.17
0.17
0.19
0.17
0.17
0.18
0.17

SO3

PbO

Cl

0.15
0.14
0.13
0.13
0.15
0.09
0.13

0.05
0
0
0
0.03
0.0
0.0

1.29
1.22
1.16
1.00
1.21
1.03
1.07

Ag2O Sb2O5 Total
0.01
0
0
0
0.01
0
0

0.21
0.20
0.18
0.21
0.21
0.19
0.18

84.22
84.8
87.21
84.67
85.4
84.89
83.92

Analyzed areas are shown in Figure 5.

14

13

16
119
15

20

12

18
11
100 m

Figure 5: Polished glass cross section for EPMA measurement.

techniques is essential, especially when there is a possibility of
overlapping chemical signals.
Electron diﬀraction tomography (ADT) is a recently
developed TEM-based technique that, by collecting 3D electron diﬀraction (ED) data from single nanocrystals, enables
to determine ab initio and reﬁne their atomic structure
(Figure 1) [3–5, 9].
ADT consists of sampling the reciprocal space of the
target crystal in small tilt steps (usually of 1°), without the
need of any prior knowledge of its crystal structure or crystal
orientation. The reconstructed diﬀraction volume contains
all reﬂections present in the sampled portion of the reciprocal
space. The ADT technique can be performed in any TEM
using a standard single tilt, tomographic holder, or cryoholder. A range of tilt from -50° to +50° along the goniometer
axis is normally available for most TEM models [4]. During
a typical ADT experiment, the crystal position is tracked
by TEM or STEM (scanning-transmission electron microscopy) imaging; the latter allows working with small electron
doses, where it is possible to obtain good-quality and complete ED data sets also from beam-sensitive materials (like
porous materials, hydrated materials, organics, and pharmaceuticals) [12, 13].
Precession electron diﬀraction (PED) is based on the
precession of the electron beam around a cone surface. The
typical precession aperture semi-angle is 1-3°. In the last 15
years, PED emerged as a technique suitable for crystal
structure determination of various nanomaterials, as it signiﬁcantly reduces the dynamic contribution in ED reﬂection intensities [11, 14, 15]. The combination of PED and
ADT signiﬁcantly improves reﬂection intensity integration,

making correct crystal symmetry (space group) identiﬁcation
easier. Statistics on PED intensities may enable to distinguish
between crystals having a similar unit cell (e.g., as close as 12% in cell lengths and 1-2° in cell angles) but diﬀerent crystal
symmetries. Moreover, the combination of PED and ADT
signiﬁcantly increases the chance to get an ab initio structure
solution via direct methods. In our work, ADT and PED
analyses were performed in a Zeiss Libra 120 microscope
working at 120 kV, at the Istituto Italiano di TecnologiaCNI@NEST Pisa (Italy), and with a JEOL 2100F working at
200 kV, at SIMaP, Grenoble (France).
Concerning transmission electron microscopy (TEM),
there is an increasing interest for the so-called scanning
precession electron diﬀraction (SPED) mode, commercially
known as ASTAR. In this approach, 2D diﬀraction patterns
are systematically acquired with fast cameras while the
focused probe is scanning the area of interest (Figure 2). This
enables the reconstruction of 2D maps highlighting diﬀerent
crystalline phases, crystallographic orientation and/or local
stress ﬁelds, and presence of amorphous areas in the matrix
at the nanoscale with spatial resolution up to 1-3 nm in
typical areas of several μm2 [1]. A small convergence angle
is required because it produces spot-type diﬀraction patterns
that may be automatically indexed with dedicated commercial software. For enhanced crystallographic orientation and
phase indexing, the patterns are sorted by a speciﬁc strategy
that uses image correlations; templates (i.e., theoretical diffraction patterns) are precalculated for all expected phases
and all possible orientations and are systematically compared
to the successively acquired patterns. The degree of matching
between every template and the current diﬀraction pattern is
estimated through a correlation index whose highest value
corresponds to the best-ﬁtting template and consequently
to the probable orientation and phase. Precession is used to
decrease dynamical eﬀects and greatly increases the matching
reliability especially low-symmetry phases as in the present
work. Phases and orientation analysis presented in the
current work were performed with a JEOL 2100F at SIMaP,
Grenoble (France).

3. Results and Discussion
3.1. Blue Pigment TEM Characterization in Ancient Greek
Amphorisk. We applied the ADT technique for investigating
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Figure 6: Yellow tesserae: (a) FIB thin slice containing several pigment/opaciﬁer crystals. (b) 3D tomography reciprocal space projection of
one of the studied crystallites along the [100] direction. (c) View of a 3D reciprocal space of the acquired data from a nanometer-size crystal.

Figure 7: Archaeological place of Mayapan in southeast Mexico with Maya mural paintings.

the origin of the glazed blue color in a small pottery fragment,
part of a bigger glass amphorisk of approximate dimensions
2 × 4 × 8 cm, which was found during a rescue excavation
in the outskirts of Thebes (Greece) and dated to the Classical
Period (late 6th–early 5th century BC) (Figure 3). A very
small part of the blue glazed fragment has been ion-thinned
to electron transparency and prepared for TEM analysis.
Figure 4(a) shows the studied area, which contains crystalline
inclusions of about 200 × 200 nm embedded in an amorphous glass matrix.
STEM-EDS analysis on both glass matrix and inclusions shows the presence of Si, O, Al, Na, Sb, and Ca

(Figure 4(b)). EPMA analysis (Table 1 and Figure 5) conﬁrms
the presence of the previous elements as well as Cu and a
small quantity of Ti and cobalt oxide (0.26 wt%). ADT
analysis was made on 3 diﬀerent crystalline inclusions from
the glass matrix. The analysis of the 3D-reconstructed diffraction volume and reﬂection intensities (576 in total) show
a hexagonal symmetry with the P6/mcc space group and unit
cell a = b = 10 41 Å and c = 13 84 Å (Figures 4(c) and 4(d)).
The combination of unit cell, symmetry, and elements
detected by EDX (Ca, Si, Cu, Na, and O) leads to the conclusion that such inclusions belong to the milarite-osumilite
mineral type with general formula K2Ca4Al2Be4Si24O6 for
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14.3% TiO2 rutile
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35.6% amorphous
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Figure 8: (a) Red sample from the mural of Round Temple. (b) Optical microscope view of the red pigment. (c) Area that was analyzed by
TEM is shown. (d) TEM virtual bright ﬁeld area where the analysis of phase mapping was done with ASTAR and is shown in (e). (f) Various
phase percentages obtained with phase mapping are shown.

milarite and (K,Na)(Fe2+,Mg)2(Al,Fe3+)3(Si,Al)12O30 for osumilite, respectively. Though natural milarite-osumilite does
not contain Cu2+ and Co, Nguyen et al. [16] have reported
the synthesis of several milarite-osumilite minerals with
general formula AxM3M ′ 2Si12O30 (A = Na, K, Rb; M = Mg,
Zn, Fe2+, Cu2+, Li and M ′ = Mg, Cu2+, and Fe2+).
Is interesting to note that the identical phase has been
also discovered in a blue glazed steatite interface of a 1130
BC scarab of Egyptian origin found in Sardinia, Italy [17].

Cu was used in ancient Egypt to produce a typical blue color
of faience and glass, and in our case CuO is present in the
sample (0.18 wt% as found by EPMA); it is also possible that
similar Egyptian glazing and color technologies were widely
used in the Mediterranean area already in the 5th c. BC.
The presence of CoO 0.26 wt% undoubtedly has a strong
inﬂuence in the observed blue color of the glaze as is known
that as little as 0.01% CoO is enough to produce a blue color
in the glass [18, 19].
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Figure 9: (a) Painted Niches Temple where the red sample was obtained to analyze it. (b) An optical microscope view of the red pigment is
shown. (c) The area analyzed by TEM is shown. (d) TEM virtual bright ﬁeld area where TEM phase mapping analysis was done and is shown
in (e). (f) Various phase percentages obtained with phase mapping are shown.

3.2. Characterization of Pigment in Yellow Glass Roman
Tesserae. In a previous work, we have analyzed FIB lamella
samples from a yellow-colored glass tesserae [8], recovered
in a large collection of Roman tesserae excavated in 2008
at the sanctuary of Isis and Serapis within the archeological site of Ancient Messene (Peloponnese, Greece) [20]. A
TEM examination of the lamellae (Figure 6(a)) reveals the
presence of small precipitates (200-400 nm) embedded in
an amorphous glass matrix and containing Pb and Sb.

Later on, we have extended our study by the ADT analysis
of several embedded crystallites (Figures 6(b) and 6(c)). All
the areas deliver a cubic unit cell with a = 10 53 Å and Fd3m symmetry [8].
Based on ADT-PED reﬂection intensities and chemical
information from STEM-EDS mapping, the crystal structure
of the crystallites was solved by simulated annealing [21],
leading to the determination of all Pb, Sb, and O atomic
positions in the structure already reported in our previous
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Figure 10: (a) Mural from Fisherman’s Pyramid is shown. (b) An optical microscope view of the red pigment is shown. (c) Bright ﬁeld TEM
image. (d) TEM virtual bright ﬁeld area where the analysis of TEM phase mapping was done and is shown in (e). (f) The phase percentage of
hematite and calcite particles is shown.

work [8]. The so-determined Pb2Sb2O7 compound is indeed
a well-known yellow color opaciﬁer used already in ancient
Mesopotamian and Egyptian civilizations [22–24].
3.3. New Pre-Hispanic Pigment Discovery and Full-Pigment
TEM Characterization by Phase Mapping. We have applied

the TEM phase/orientation mapping technique (ASTAR) in
the study of pre-Hispanic Maya pigments coming from the
Mayapan site (Yucatan Peninsula, Mexico) (Figure 7). Several pigments with diﬀerent colors have been analyzed (blue,
green, and red) in order to understand the nature of the
materials used for their preparation. Detailed phase mapping
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(a)

(b)

1 m

(c)

(d)

36% SiO2 cristobalite
64% amorphous

(e)

(f)

Figure 11: (a) The mural of the Solar Symbols Temple is shown. (b) Optical microscopy view of the analyzed area of the red pigment. (c)
Bright ﬁeld TEM image. (d) TEM virtual bright ﬁeld area where the analysis of TEM phase mapping was done and is shown in (e). (f)
The amount of crystalline cristobalite and amorphous carbon materials is shown in the Mayapan mural.

analysis by ASTAR phase mapping conﬁrmed the presence
of hematite (Fe2O3) as one of the major components used
in the red pigments found in Round Temple, Painted Niche
Temple, and Fisherman Temple (Figures 8–10); on the other
hand, in Solar Symbols Temple the presence of crystalline
cristobalite (Figure 11) was found. In addition, a small
amount of nanocrystalline TiO2 (rutile) particles (previously

undetectable by X-ray studies) has also been consistently
detected using phase mapping in two of the studied red pigment samples (Figures 8 and 9). Rutile TiO2 impurities could
come from the mineral products extracted from the red soil
of the region; this is an important result, because it demonstrates the precision of the phase mapping technique to analyze pre-Hispanic pigments. What is very important is that,
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Figure 12: STEM-EDS elemental analysis of a selected area of the red pigment Round Temple Mayapan mural.

although rutile is a well-known white pigment, there is no
previous evidence of its use in the Maya’s culture or in any
other ancient culture to our present knowledge [25].
3.4. Pigments of the Round Temple. The red pigment that is
next to yellow pigment (not presented in this work) was also
analyzed. According to our knowledge, for Maya mural
manufacture, ﬁrst the yellow pigment was used, followed
subsequently by the red pigment that was applied. In this
sample, TiO2 impurities were also found and it was determined that they correspond to the rutile phase (Figures 8
and 12). Mainly, the hematite iron oxide’s presence gives
the red color to this pigment, but the maghemite iron oxide’s
presence (which was determined by using the TEM phase
map) may also contribute to the red color.
3.5. Pigments of the Niches Temple. It was observed that the
pigment is partially covered by particles of diﬀerent shades,
most likely the result of its interaction with the environment.
In this case, using TEM phase mapping we also observe the
presence of TiO2 particles (Figure 9) and SiO2 particles that
probably come from the soil from where the hematite is
extracted. Detected calcite particles possibly come from the
support where the pigment is placed.
3.6. Pigments of the Fisherman’s Pyramid. The Mayans used a
paste of lime with a mixture of two or more vegetable gums
from the barks of certain trees, which functioned as binders
in the supports and in the pictorial layer to keep the particles
of the pigments joined together, and to the support. In
Figure 10, using TEM phase mapping, calcite particles are
observed, indicating that possibly the hematite particles are
attached to the calcite support.
3.7. Pigments of the Solar Symbols Temple. The presence of a
noncrystalline material and the identiﬁcation of carbon by
TEM in this pigment (Figure 11) conﬁrm the use of some

organic binder or the use of carminic acid from Coccus cacti
(an insect known as grana cochineal).

4. Conclusions
The employment of TEM-based techniques, more speciﬁcally 3D diﬀraction tomography coupled with ASTAR,
allows for phase and orientation mapping and adds insight
and hyperﬁne knowledge on studying artefacts and cultural
heritage materials. The new information provided by the
above instrumentation refers to crystallographic data (unit
cell parameters, symmetry, and atomic positions) of unique
nanocrystalline relics or secondary minerals that occur in
the matrix of glasses, glazes, pigments, ceramics, etc.; additionally, it can thus distinguish between crystalline and
amorphous areas of the samples having the advantage of
the quasi-destructive approach due to minimal sample
requirements (a few microns) the technique requires.
We should emphasize that in cultural heritage studies,
the majority of artefacts, especially those characterized as
pyrometallurgical products such as pottery, metals, glasses,
and pigments as well as composite materials that underwent
the heating process, incorporate several crystal phases where
our detailed approach based on phase mapping at the nanoscale level can eﬀectively identify, characterize, and thus
separate uniquely amongst the crystalline phases; the possibility of the unique characterization of nanocrystals is based
on the electron diﬀraction tomography (ADT) approach,
which can then by further veriﬁed by detailed EDS data.
The total approach of TEM examination, assisted by ED
tomography, is superior to other conventional instrumentations operating at microscale (e.g., XRF, EDS, Raman, XRD,
and EPMA) but also can be superior to most actual synchrotron single-crystal techniques, due to its limitation of crystal
sizes of ca. 1-5 microns where in contrast with TEM-based
crystallographic techniques, crystals of some tens of nm can
eﬀectively be examined.
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The present study achieved the nanocrystalline mapping
of pigments from acknowledged artefacts such as Greek glass
amphorisks, Roman glass tesserae, and pre-Hispanic Maya
pigments using TEM electron crystallography, thus enhancing our knowledge on the sophistication of the ancient color
pallet; for example, the presence of white rutile TiO2 particles
in Maya paintings has never been reported until recently [25]
and could not be spotted by X-ray or other bulk techniques.
Additionally, phase and orientation mapping allows
easily discriminating between amorphous and crystalline
areas, which are not possible to recognize by TEM image
contrast [9]. Identiﬁcation of the nanoparticle phase and orientation, also in correlation with their amorphous matrix,
may shed new light on the technological choices employed
during the ancient kiln operation, reﬂected on the coloration,
appearances, and mechanical properties of the ﬁnal products.
A key issue on the studies of ancient artefacts is the
complexity and heterogeneity of their matrixes, which is the
driving force for research approaches at the single-crystal
level, where even advanced techniques such as microfocused
beam synchrotron techniques may lack a ﬁner resolution
posed by archaeology and the works of art.
In conclusion, the present study demonstrated that the
combination of ADT and ASTAR mapping can provide
the chemical and structural information required for the
nanoscale description of ancient composite materials. ADT
and ASTAR can be used with any TEM (100-300 kV) having
suﬃcient angular tilt, precession electron diﬀraction hardware, and 3D electron diﬀraction tomography software.
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This paper deals with the development of a multidisciplinary study on the current state of conservation of the facade of the
Arciprestal Church of Santa María de Morella (Castellón, Spain), a work of the Gothic period of great historical and artistic
value. The aim of this diagnosis was to undertake the preventive conservation actions required and increase the knowledge
about the conservation of paintings on stones. During the diagnosis scanning, electron microscopy was demonstrated to be a
valuable analytical method for wall paintings on stone. The facade, which since its construction has not undergone major
architectural changes, has reached our days as it was conﬁgured in its creation, adding the traces of the passage of time and
interventions that have suﬀered polychromies. Because of the conservation situation, it was decided to have an interdisciplinary
project for the structural study of the work, an exhaustive study of the materials and their state of conservation. The study of the
materials includes the identiﬁcation of stone supports, mortars, the pictorial technique of the original and added polychromies,
and the superﬁcial patinas. On-site studies were carried out by ground penetration radar (GPR) and X-ray ﬂuorescence (XRF).
Among the techniques used in laboratory were optical polarized light microscopy (MO-LP), X-ray diﬀraction (XRD), scanning
electron microscopy with microanalysis (SEM-EDX) and Fourier-transform infrared spectroscopy (FTIR). The study allowed to
determine the diﬀerent pathologies of alteration and degradation of stone substrate and polychromies, chromatic alterations,
biological patinas, etc. During this study, it was demonstrated that the diagnosis of wall paintings is a complex issue that needs
to be addressed in a multidisciplinary approach, where scanning electron microscopy with microanalysis is the key methodology
to get a deeper understanding of subsurface characterization of wall paintings and highlight the weathering processes. In a
second phase of previous studies, this technique (SEM) has been used in assessing the viability of consolidation systems and
cleaning both the stone and the polychrome.

1. Introduction
SEM-EDX is widely employed for wall painting and polychromies in cultural heritage, though is commonly combined
with other techniques [1–5]; in most cases, SEM-EDX is the
key technique that allowed to take decisions on the restoration of wall paintings, polychromies, and stone surfaces.
Moreover, SEM-EDX allowed to validate the results of other

techniques employed for paintings [6, 7]. In this paper, a
multidisciplinary approach applied to the restoration of
the facade of the Arciprestal Church of Santa María de
Morella (Castellón, Spain) is shown to evaluate the relevance of SEM-EDX in the decision process of restoration
of wall paintings.
The Archpriest Church of Santa Maria was built in
Gothic style, during the thirteenth and fourteenth centuries.
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in surface texture, and variation in chemical composition
and physical properties (Figures 3(a) and 3(b), details of the
sculptural elements on the door). The chromatic alterations
are easily observable and are mainly due to deposits of dirt
and possible chromatic alterations of the pigments.
Therefore, considering the situation that the elements
make up the cover, it was decided to have an interdisciplinary
study project necessary to the future restoration that would
involve an exhaustive study of the stone support and mortars,
the characterization of the original pictorial materials and
additions, and the identiﬁcation of the surface patinas.

3. Materials and Methods
Figure 1: Door of the Apostles, Archpriest Church of Santa Maria
of Morella.

The facade has two main doors of special beauty: most
known as the Apostles (XIV century) and the second call of
the Virgin (XV century). It highlights the fact that both doors
are on the same side and one is beside the other.
The Door of the Apostles (dels Apòstols) is the cover
object of the interdisciplinary study (Figure 1). The portal is
named by the apostolate that is housed in the bottom of the
blind arches and jambs. The eardrum has a frieze run where
scenes from the life of Mary and childhood of Jesus are represented. We also found a Madonna and Child under a
Gothic canopy in the mullion of the door. In the tympanum,
there is a representation of the Coronation of the Virgin.
Besides this door, it has a Gothic window and a rose window
that illuminates the interior of the Church [8].
The Archpriest Church of Morella was declared of Cultural Interest in 1931: Erected Minor Basilica by Pope Pius
XII (between 1939 and 1958). In 1402, Pope Benedict XIII
granted the privilege of asylum. Built in Gothic style between
1265 and 1343, it was consecrated in 1318 in the presence of
the King of Aragon Jaime II the Just (1291-1327). Its main
facade has two doors of special beauty: most known as the
Apostles and the second call of the Virgin. It highlights the
fact that both doors are on the same side and one next to
the other, thus constructed by the need to adapt to the
ground and avoid the embankment of the castle.

2. State of Conservation
With regard to the conservation status of the door, it was
observed during the diagnosis that the pathological processes, more or less important depending on the area studied,
are related to the degradation of stone material and polychromies. The images in Figure 2 are details of the frieze on
the door, where you can see the important alteration of the
stone and the polychromies, with disintegration mechanisms, surveys, losses, and superﬁcial deposits.
The alterations that the door presents are varied and have
introduced changes in the stone at a superﬁcial level and in
the polychromies. In the latter case, the color layers have
obviously suﬀered mechanisms of alteration due to dustiness
due to loss of binder, desquamation, formation of surface
crusts, manifesting in diﬀerential chromatic tones, changes

3.1. On-Site Studies. Using ART4ART [9], INOE’s mobile
laboratory, a program of smart investigations was conducted
on the façade of the Arciprestal Church of Santa María de
Morella; its purpose was not only to obtain the maximum
possible amount of information but also to lead a quantitative evaluation of potential degradations.
The infrastructure used covers a wide range of equipment that can be divided into elementary physicochemical
analysis and ground penetration radar (GPR). Elementary
physicochemical analysis was used for material identiﬁcation while ground penetration radar (GPR) is a noninvasive
geophysical method used for in depth investigations by emitting and studying the propagation of electromagnetic pulses,
to highlight the heterogeneity or discontinuities of the electrical properties of the propagation medium. This technique is
mostly used on the soil surface but can also be used on the
vertical acquiring way of information about the internal
structure of the walls or their state of preservation by noncontact, noninvasive, nondestructive means.
Elementary composition was studied on-site by XRF
equipment TRACER III-SD with Rh tube, standard (Bayes)
methods (40 kV, 10.60 μA), and an acquisition time of
10 s/spectrum. XRF analyses have been performed on 14
areas: (a) nine points on the 13th century area (scarlet, green,
blue, and substrate), (b) one point on the 14th century area
(scarlet, substrate), and (c) four points on the 15th century
area (ochre, scarlet, and blue).
For the vertical radar investigations conducted on the
portal, a GPR antenna having an 800 MHz central frequency with the electromagnetic pulse travel times set at
40 and 20 ns was used. For the data interpretation the relative
dielectric permittivity of 9 was considered, resulting this way
an approximatively 2-meter penetration depth for the 40 ns
travel time and a 1-meter penetration depth for the 20 ns.
The purpose of this investigation was to observe how deep
are the three visible cracks present on the east side of the
portal, above the access door, and also to identify other nonvisible cracks of the wall, for conservation status evaluation.
All the records were taken from west to east to obtain comparative results. For data interpretation, the west part will be
used as a reference, due to nonvisible cracks.
3.2. Laboratory Studies. The successive phase of the study
focused on analyzing samples corresponding to fragments
of the stone support, mortars, the materials present in the
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Figure 2: Door of the Apostles, Archpriest Church of Santa Maria of Morella. Details of the state of conservation of the polychromy on stone.

(a)

(b)

Figure 3: Details of the Door of the Apostles, Archpriest Church of Santa Maria of Morella. (a) Deposits of dirt, formation of crusts, and
decohesion stone support. (b) Details of dirt, crusts, and areas with lifts and loss of cohesion of layers.

polychrome layers, and the alteration products. The samples
were analyzed by the following techniques:
(i) The identiﬁcation of the organic compounds and the
diﬀerent crystalline phases was carried out by IR
analysis with infrared spectroscopy with Fourier
transform infrared spectroscopy (FTIR) of Bruker
Corporation Tensor II, with a range of 4000400 cm-1 with a resolution of 4 cm-1
(ii) Polarized light optical microscopy (PL-OM) was
performed using the ECLIPSE 80i microscope from
Nikon Corporation that has a DS-Fi1 camera
attached. The samples prepared in cross section
and in thin sheets with a thickness of 20 μm were
observed in visible and ultraviolet light reﬂected
and transmitted
(iii) Scanning electron microscopy was performed using
the variable pressure scanning electron microscope
model S-3400N from Hitachi Ltd. (VP-SEM),
equipped with an energy-dispersive X-ray spectrometer (EDX) from Bruker Corporation XFlash®. The
working conditions were as follows: acceleration
voltage of 20 kV, measurement time between 30
and 100 s, and working distance of 10 mm

4. Results and Discussion
4.1. On-Site Analysis. Due to the distance between the GPR
antenna and the stone when the records were conducted,

from 0 to 5 ns, we have a homogeneous response which represents the air that is why in all the radargrams, the ﬁrst
reﬂection was obtained at approximately 5 ns, which represents the surface of the stone. Other reﬂections that can also
be seen in all the radargrams are the one at a 45° that are present both in the left and in the right sides of the records which
were produced due to the sculpture presence on the edges of
the investigated area; this reﬂection is highlighted with red at
diﬀerent travel times (Table 1).
In the radargrams, the horizontal axis represents the
length of the record, and the vertical axis represents the travel
time of the electromagnetic wave through the propagation
medium (in our case stone), measured in ns. Both in the
20 ns and in the 10 ns radargrams conducted on the East
side of the portal (581, 586), hyperbolic reﬂections can be
observed which represent the crack; due to the strong
reﬂection, it can be estimated that the crack goes in depth.
In the rest of the radargrams acquired on the East part of
the portal, the same results could be observed in the crack
areas. On the stone block surface or in depth, any other
cracks cannot be observed; then, the three ones were visible
on the surface, representing the main structural problem on
the stone facade.
XRF studies show the lines of Au on the 13th and 15th
century areas on the scarlet areas. As and Co lines have been
evidenced on blue areas; meanwhile, Cu lines were seen on
blue, green, and scarlet. Fe is found at higher intensities on
scarlet, ochre, and green. Hg lines are evidenced on scarlet,
blue-scarlet, blue, and green zones. K lines are present on
blue, scarlet, green, and ochre and on the substrate. Mn is
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Table 1: Radargrams of the façade. Measurements labelled as 569 and 575 at West zone and Measurements labelled as 581 and 586 at East
Zone. Sculpture presence is highlighted with red at diﬀerent travel times.
West (reference)

East
575

Distance, m
0

Trace number

5

10

15

Distance, m
0

Trace number

10

581
20

30

Distance, m
0

Trace number
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10

20

Distance, m
0

Trace number

0

5

5

5

5
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10

10
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15
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(a)

Time [ns]
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Time [ns]
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Time [ns]
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(b)

Figure 4: Detail of an ashlar stone of the Door of the Apostles, Archpriest Church of Santa Maria of Morella. (a) Conservation status of the
stone support and (b) extracted fragment for a laboratory study with SEM-EDX.

present on ochre, blue, scarlet, and green. Sporadic content of
barium and trace of Cl were detected in diﬀerent points.
Those results and the state of conservation on painting
layers highlighted the necessity of a SEM-EDX study in
order to understand the degradation process on the painting
of stones.
4.2. Laboratory Study
4.2.1. Stone Support: SEM-EDX Study. Diﬀerent fragments of
stone support were extracted from the door, in areas signiﬁcantly aﬀected by alteration mechanisms with disintegration
and pulverization phenomena (see Figures 4(a) and 4(b)).
The main instrumental technique used to assess the state of
conservation of the stone has been the SEM-EDX [1, 10].
Through this technique, it has been possible to observe and
analyze diﬀerent surface areas of the stone, without previous
preparation and in cross section.

The observations to the stone surface by SEM show a
rather eroded structure, with a generalized presence of disintegration, fracturing, increased porosity, and crystallizations
of products of diﬀerent nature (see the SEM micrograph of
Figure 5(a)). The microanalyses detect high concentrations
of the chemical elements of calcium, with lower proportions
of silicon and aluminum. The chemical elements can be associated with the calcium carbonate CaCO3, the main constituent of the stone support and mineralogical compounds based
on aluminosilicates. Generally, on the surface of the stone,
sulphur related to calcium sulphate CaSO4 is detected as a
product of chemical alteration of calcium carbonate or as
crystallizations due to the presence of saline aqueous solutions (see spectrum of the EDX microanalysis of Figure 6).
As shown in Figure 5(b), the surface presents characteristic
crystallizations of cubic morphology, which based on the
EDX microanalysis are constituted by chlorine and sodium,
indicating the presence of salts based on sodium chloride

Scanning

5

(a)

(b)

Figure 5: SEM micrographs in backscattered electron mode. (a) General morphological characteristics of the surface of the stone and (b)
crystallizations of salts.
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Figure 6: EDX microanalysis and SEM image (inset) of an area of the surface of the stone. The elements of calcium and sulphur
corresponding to the presence of calcium sulphate.

(see Figure 7). The crystallizations of the diﬀerent salts, in the
interior and in the surface of the stony substrate, would cause
part of the mechanisms of disintegration and pulverization of
the microcrystalline structure of the rock [11].
The identiﬁcation of the mineralogical components has
been carried out using FTIR. The analyses have conﬁrmed
the presence of calcium sulphate in its dehydrated phase
CaSO4·2H2O (gypsum) and calcium carbonate (CaCO3, calcite) as a constituent of the stone. In the spectrum of
Figure 8, the characteristic absorption bands of calcium
carbonate at 1420 cm-1, 875 cm-1, and 712 cm-1 and calcium
sulphate dihydrate at 1144 cm-1, 675 cm-1, and 601 cm-1 are

observed. The displacement of the sulphate SO42- band at
1394 cm-1 is possibly due to sodium chloride.
The stone support has been successively observed and
analyzed in cross section [12]. The stone is characterized
by high porosity and microfractures due mainly to the internal and superﬁcial crystallization of salts as can be seen in the
backscattered electron mode of SEM micrographs (Figure 9).
In the X-ray map of Figure 10, the chemical elements of chlorine, sodium, and sulphur, related to the presence of sodium
chloride and calcium sulphate in the structure of the stone,
are identiﬁed and located. Calcium is related to both calcium
sulphate and calcium carbonate, constituents of the stone
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Figure 7: EDX microanalysis and SEM image (inset) of salt crystallizations. The elements of chlorine and sodium corresponding to sodium
chloride.
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The results provided by the SEM-EDX, through observations and microanalysis of stone samples, will allow establishing the most appropriate intervention methodologies for
the work, such as the elimination of soluble salts or consolidation treatment support in the areas of greatest disaggregation.
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Figure 8: FTIR spectrum of the sample surface of the stone support.

support. The maps evidence that halite and gypsum are
weathering forms and halite occupied mainly the pores
and factures under the surface while gypsum is located on
surface and inner pores. The distribution of both alteration
products occupied diﬀerent positions on the structure of
the stone, and their combined action is the cause of the
weathering forms observed due to the formation of surface
crusts and desquamation.
Generally, high concentrations of sodium chloride are
detected in the lower areas of the cover, possibly due to the
treatment of the soil with salt in the presence of snow. Diﬀerently, the presence of calcium sulphate is quite generalized;
this last compound can be related both to the mechanisms
of chemical alteration of the stone support and to superﬁcial deposits.

4.2.2. Polychromy Study. The polychromatic samples have
been prepared in a stratigraphic section for their study
with OM with visible and ultraviolet light and SEM-EDX
[13, 14]. The techniques have identiﬁed in the primitive
intervention of the fourteenth century, where there is existence of a white preparation stratum that sits directly on
the stone support, followed by the diﬀerent layers of color.
In general, a polychromy is observed with a careful and rigorous traditional technique where there is no complex superposition of layers, in which the general thickness of the color
layer ranges between 15 and 30 μm [15]. In the hair, garments, or decorative elements of the diﬀerent sculptural elements, the gold leaf has been found on a reddish preparation
based on earth, demonstrating the existence of a wide decoration of the cover with gold elements. The images in Figure 11
are examples of the stratigraphic study with optical microscopy of samples corresponding to the oldest polychrome
intervention on the door.
The pigments have been characterized with SEM-EDX by
identifying the characteristic chemical elements. These have
been related to the pictorial materials used, which turn out
to be typical of the period such as lead white, yellow ocher,
red ocher, earth, azurite, copper green, and carbon black.
Figure 12 shows the microanalysis performed on a blue particle present in the polychrome layer, in which copper is
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Figure 9: SEM micrographs in the backscattered electron mode of diﬀerent areas of the cross section of the stone support.

Figure 10: Distribution map of the elements of chlorine, sodium, sulfur, and calcium in the cross section of the stone support.
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Figure 11: Optical microscopy images. (a) Stratigraphic section of a blue polychrome sample. (b) Stratigraphic section of a sample of ochre
polychrome.
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Figure 12: EDX microanalysis and SEM image (inset) of the blue pigment present in the stratigraphic section. The copper characteristic of
azurite is detected.

detected, a chemical element that is related to the azurite pigment (Cu3(CO3)2(OH)2). In the same microanalysis, the high
chlorine content can be seen that corresponds to the presence
of salts or a possible chemical alteration of the pigment. In
general, the pigments are ﬁnely ground, with the exception
of the azurite pigment, which is observed with a coarser granulometry, since it is a less opaque pigment. In the latter case,
the blue layer of azurite sits on a layer of carbon black preparation (see Figure 11(a)). These results conﬁrm that in the
old polychrome of the door of Los Apóstoles, the use of a technique and pictorial materials that are common in the XIVXVI centuries is reﬂected [16].
The study has also made it possible to identify the subsequent polychromatic interventions carried out on the cover.
In this case, speciﬁc interventions have been observed in
the sculptural elements, where the most characteristic is the
use of the blue enamel pigment (cobalt silicate), according
to XRF data. A pigment of artiﬁcial origin is known since

50 µm

Figure 13: Optical microscopy image of the stratigraphic section of
a blue polychrome sample corresponding to an intervention.

the middle ages in the processing of glass. In painting, it
was used during the XVI and XVII centuries [17] (see
Figure 13 and the microanalysis spectrum of Figure 14).
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Figure 14: EDX microanalysis and SEM image (inset) of the blue pigment present in the stratigraphic section. The elements of silicon and
cobalt characteristic of blue enamel are detected.
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Figure 15: EDX microanalysis and SEM image (inset) of an area corresponding to the alteration of the white lead pigment. A high
concentration of potassium is detected.

The stratigraphic study with SEM-EDX has been decisive
in evaluating the conservation status of the color layers and
their constituents. As shown in the EDX microanalysis of
Figure 15, lead white is usually found associated with high

concentrations of potassium and sulfur. This result is possibly due to the chemical alteration of the pigment where
among the possible causes, an intervention of cleaning the
surface with potassium carbonate can be considered. The
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Figure 16: (a) Stratigraphic section of the polychrome sample observed with optical microscopy and (b) respective SEM image in the
backscattered electron mode. (c, d) Distribution map of the elements of lead and potassium.

50 µm

Figure 17: Stratigraphic section of a polychromatic sample
observed at the SEM in the backscattered electron mode.

treatises of the 20th century advised this basic substance in
solution with water to clean the dust deposits of the polychrome surfaces [18]. It is observed that, generally in an
extensive way, this chemical alteration of the pigment is
based on lead, with its possible solubilization, diﬀusion, and
precipitation both in internal and superﬁcial areas. The alteration of the lead white by the presence of potassium is evidenced in the optical microscopy image and distribution
map of elements of Figure 16. Figure 16(a) is relative to the

stratigraphic section of a white polychrome sample observed
with optical microscopy. A ﬁrst stratum based on lead white
is observed, on which a layer of ocher shade is spread, which
based on the EDX microanalysis is made up of elements of
dirt and alteration products enriched in potassium.
It is quite frequent to ﬁnd in stone polychromes the alteration of mineral pigments based on lead or copper, due to
environmental factors such as humidity or the presence of
salts, as well as cleaning interventions with chemical systems
or biocide treatments. Recent studies have shown how the
polychrome treatments with chlorinated substances can produce chemical and physical alterations to the white lead pigment with the formation of compounds based on lead
hydroxychloride [19].
The majority of the samples present a polychrome with
a disintegrated and pulverulent appearance. This alteration
is due to the partial loss of the binder, as well as the crystallizations of sodium chloride and calcium sulphate that
produce a series of longitudinal and/or transversal ruptures
that cause both a lack of adhesion and cohesion of the strata,
resulting in detached layers (see the SEM micrograph of
Figure 17).
Another signiﬁcant aspect is the presence of a crust
of ochre huge on the surface of the polychrome. In the stereoscopic microscopy image of Figure 18(a), relating to a sample
of polychrome extracted from the door, the presence of a
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Figure 18: (a) Blue polychrome sample with an ocher-colored superﬁcial crust. (b) Stratigraphic section of the polychrome sample observed
with optical microscopy.
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Figure 19: EDX microanalysis and SEM image (inset) of the stratigraphic section of a sample with a surface crust. The calcium, sulfur, silicon,
and aluminum elements that are associated with the presence of calcium carbonate, calcium sulfate, and aluminosilicates are detected.

surface layer of ochre tonality that extends over the blue
polychrome is observed. As shown in the images of the
stratigraphic section observed with optical microscopy
(Figure 18(b)) and electron microscopy (Figure 19 inset),
this stratum has a considerable thickness and is basically
composed of calcium and sulphur, with varying concentrations of silicon and aluminum, as reﬂected in the microanalysis spectrum of Figure 19. The characterization of the
mineralogical constituents carried out with FTIR has identiﬁed the presence of calcium sulfate, calcium carbonate, silicates, and calcium oxalate monohydrate (Whewellite).
All the damages detected are due to physical-chemical
processes, including those of a biological type, as well as an
anthropogenic type [20, 21] that have been clearly unveiled

by SEM-EDX. Of course, all these processes may act synergistically and depend on climatic/environmental conditions
and atmospheric pollutants and certain human activities.
Among the processes that are damaging the door are the
processes of alteration by thermal shock, condensation, frost,
repeated cycles of crystallization, and recrystallization of
salts and biological attack; these last four are directly related
to the presence of water (and its pollutants) detected by
SEM-EDX in its diﬀerent variables and penetration via the
aﬀected surfaces [22–25].
The processes detected, added to the architectonic design
with numerous exempt and cantilevered elements, made a
quick intervention necessary in order to avoid the progress
of the existing alterations that would lead to the state of ruin,
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(a)

(b)

Figure 20: (a) Application of consolidants and agar agar gels for cleaning surface dirt. (b) Application of the laser as a cleaning and evaluation
system using optical microscopy and SEM-EDX.

already initiated in a large part of the elements, and it is evidenced in the periodic detachment of carved stones.
SEM-EDX mappings allow to get the overall objective of
this work that was to document the conditions of conservation and the causes of deterioration of the materials, determining the diﬀerent pathologies of chemical, physical, and
biological alteration [26, 27]. Though a multidisciplinary
approach is always advisable in the diagnosis of cultural heritage, SEM-EDX has been demonstrated in this work to be
the key solution for the study of painting layers as it has
allowed to identify sodium chloride, calcium sulphate, and
an alteration of the white lead pigment associated to potassium as the main agents. The results allowed to deﬁne the
most suitable methodologies to carry out direct and indirect
interventions on the door [28]. This phase is necessary to
eliminate or limit the inﬂuence of environmental factors on
degradation processes, including conservation interventions
and protection of architectural structures and decorations.
4.2.3. The Application of SEM-EDX in the Evaluation of
Conservation Treatments. Although this article focuses on
the application of the SEM-EDX technique in the diagnosis
of the state of conservation and characterization of the materials used in the door, in a second phase of previous studies,
this was applied in the evaluation of the viability of the cleaning and consolidation treatments of stone supports and polychrome. This microanalysis technique was very useful when
establishing the most appropriate intervention methodologies, such as the eﬀectiveness of the elimination of soluble
salts through the use of packings, the penetration of the consolidants applied in the disaggregated zones, or the correct
disposition of the applied polymers with adhesive function
between adhesive layers. At the same time, its application in

the monitoring of the various cleaning systems tested (agar
agar gels, packaging, mechanical cleaning, or laser) stands
out (Figure 20). Regarding the latter, the possible risks could
be determined in terms of physical-chemical modiﬁcation of
the materials constituting the cover.
In this case, the evaluation of the treatments was carried
out by means of sample extraction and its study with optical
microscopy and SEM-EDX. Figure 20(a) shows the stratigraphic section with optical microscopy of a blue polychrome
sample after the laser cleaning treatment. The treatment
allows the removal of surface dirt without aﬀecting the integrity of the azurite polychromy.

5. Conclusions
This multidisciplinary approach highlights the necessity of
SEM-EDX on pigments over stones. The analysis of the samples from the door of Los Apóstoles of the Basilica Arciprestal
de Morella with scanning electron microscopy (SEM), complementing the studies with EDX microanalysis and other
combined techniques, has revealed the conservation degree
of the stone and pigment materials.
In detail, with the possibilities oﬀered by the SEM-EDX,
the mechanisms of alteration of chemical and physical type
that signiﬁcantly aﬀect the future conservation of the stone
support and the components of the polychrome layers such
as the pigments could be studied. The observations and the
microanalyses allow identifying the chemical alterations of
the pigments, dissolution processes, migration and precipitation of soluble salts, and mechanisms of structural alteration
of stone materials.
Studies with portable analysis techniques, without sample
extraction, have been equally necessary to determine on a
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large scale the state of conservation of the materials (stone
and pigments) and the structural damage that occurs in the
diﬀerent architectural elements of the door.
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Scanning microscopy techniques have emerged as powerful scientiﬁc tools for analysing materials of architectural or archaeological
interest, since the commercialization of the ﬁrst scanning electron microscopy instrumentation in the early 60s. This study is aimed
at reviewing and highlighting the signiﬁcance of several scanning microscopy techniques employed in the protection of built
heritage. The diﬀusion of scanning electron microscopy with energy-dispersive X-ray spectroscopy analysis (SEM-EDX) is
proven to be the widest among the available scanning microscopy techniques, while transmission electron microscopy (TEM)
applications are steadily present in the ﬁeld of built heritage protection. The building material characterization, the weathering
mechanism investigation, and the development of compatible and performing conservation materials are some major research
areas where the application of the aforementioned techniques is discussed. The range of techniques, along with aspects of
instrumentation and sample preparation are, also, considered.

1. Introduction
1.1. Materials Science in Built Cultural Heritage. A vast
variety of building materials has been used for constructive
or artistic purposes since prehistory: natural stones, earth
materials, bricks, lime, and gypsum mortars prevail in the
history of architecture [1]. From the mud constructions in
Ancient Egypt and the marble post and beam form of
Ancient Greek Temples, to the Roman “concrete” infrastructure and the gypsum plasters of Arabic architecture, the
interface lies on the craftsmanship regarding the use of materials and the evolution of techniques [2, 3]. The domination
of Portland cement in architecture since the early 20th century inferred the decrease in the usage of natural building
materials. Nevertheless, the multilateral values’ appreciation
of historic structures never ceased.

Nowadays, the concept of cultural heritage preservation
includes cement or modern concrete constructions, as well.
In parallel, the tendency for sustainable and alternative
architecture has turned the interest to the use of traditional
building materials in modern constructions. The adverse
environmental impact, escalated by the climatic change and
anthropogenic activities, dictates the need to increase the
scientiﬁc knowledge on the behaviour of both traditionalhistoric and contemporary building materials, in order to
provide solutions. Conventional and new intervention materials and methods need to be evaluated and monitored in
terms of eﬀectiveness, reversibility (whenever applied), and
compatibility. Within the above framework, the use of natural and chemical analytical methods in the ﬁeld of architecture and artworks conservation, as well as in humanities,
has been established as essential for unveiling the evolution
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of materials and techniques used by mankind throughout
geographical regions and diﬀerent time periods. Historic
structures and their comprising materials are subjected to
constant research in order to understand their behaviour
and properties. This approach has, also, emerged as a necessary prerequisite in order to plan appropriate restoration and
conservation strategies for the rehabilitation of historic and
modern constructions.
Regarding the characterization of historic materials, the
analytical methodology that needs to be adopted depends
on the questions that are to be answered and on the amount
of sample available. The approach is diﬀerentiated per case;
for example, a sample that derives from an archaeological site
sets chronological and provenance issues as the primary to be
addressed, while when it comes to the restoration of a historic
structure, the knowledge of the authentic building materials
is the base for designing compatible conservation interventions and their durability assessment.
In addition, the knowledge of the technological development of building materials such as limes, concretes,
mortars, metals, tiles, and glasses is of high anthropologic
and historical interest, since it sheds light to the development of civilization and commerce throughout centuries,
while pigments, binders, or additives identiﬁed in mortars
or paintings allow the in-depth investigation of the utilized
traditional and local techniques, contributing to the record
of their progress.
1.2. An Overview of the Techniques Used in the Fields of
Building Materials and Cultural Heritage. While many characterization techniques have been practised in the ﬁeld of
building materials, new techniques and methodologies are
constantly emerging. Chemical analyses like atomic absorption spectroscopy/atomic emission spectroscopy (AAS/AES),
X-ray ﬂuorescence (XRF), inductively coupled plasma optical
emission spectrometry (ICP-OES), gas chromatography
(GC), mass spectrometry (MS), laser-induced breakdown
spectroscopy (LIBS), high-performance liquid chromatography (HPLC), laser-induced ﬂuorescence (LIF), particleinduced X-ray emission (PIXE), and particle-induced
gamma-ray emission (PIGE) are used. However, they present
signiﬁcant limitations, as they are not able to detect the exact
composition and structure of materials, they require a great
amount of sample or complicated preparation routes, and
they are time-consuming.
Fourier transform infrared (FTIR) and Raman spectroscopic techniques oﬀer the chemical characterization of
small size samples, while X-ray diﬀraction (XRD) analysis
provides the mineralogical composition of materials under
examination, but all of them lack the ability to oﬀer morphological information.
Each one of the abovementioned analytical techniques
may be employed in order to address special issues of cultural
heritage like the identiﬁcation of pigments and binding
media [4, 5], in artworks or the analysis of artefacts like historic textiles [6] and metallic objects [7]. The advent of in situ
instrumentation, e.g., in situ XRD, XRF, LIBS, and Raman,
has revolutionized the application eﬃcacy of these techniques on monuments, since sampling in the ﬁeld of cultural
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heritage is rather restricted, and the mass of each ﬁnally
acquired sample is limited to the minimum. Nevertheless,
the detection limit of these in situ performing techniques is
lower compared to the respective lab instrumentation ones,
while the geometry of the in situ equipment is not always
practical or functional for demanding applications in the
ﬁeld of built heritage, mainly due to accessibility reasons
(scaﬀolding, concave- or convex-shaped structures, etc).
Table 1 summarizes some of the major analytical techniques used in the ﬁeld of architectural heritage and building materials science, presenting the type of information
acquired by their utilisation, the sample requirements,
and their major limitations.
1.3. Scanning Microscopy Techniques in the Field of Built
Cultural Heritage. In the ﬁeld of building materials characterization and especially in the ﬁeld of architectural heritage,
knowing at microscopic level the composition, texture, and
structure of building materials has been a revolution. The
classical approach in microscopy involves the use of optical
and petrographic microscopy. These techniques are relatively
simple and versatile tools for the textural examination and
the petrographical/mineralogical composition of a range of
building materials, such us stones, limes, mortars, tiles,
bricks, glasses, metals, and wood. Confocal optical microscopy has, also, emerged as an in-depth morphometric tool
and oﬀers the possibility for the 3D reconstruction of the
sample surface [8].
The use of scanning microscopy techniques in the examination of historic building materials has evolved as a
well-established analytical tool soon after the commercialization of the ﬁrst scanning electron microscopy instrument
(SEM) in the early 60s [9]. SEM coupled with energydispersive X-ray spectroscopy (EDX) has emerged as a
fundamental technique for the examination of building
materials, since it allows the investigation of the surface
microstructure in the desired detail and oﬀers the chemical
composition of the examined spot or area. This spatially
deﬁned chemical and morphological information of the sample under examination oﬀers valuable information about the
components, the manufacture technology, the degradation
mechanisms, and others.
The main advantages of the SEM-EDX analysis are
(1) the lack of need for preliminary preparation and thus
the nondestructive treatment of valuable specimens
(2) the nanoscale resolution oﬀered by modern SEM and
thus the precision level
(3) the variation of the examined region (from several
tens of centimetres to nanometres) by adjusting
the magniﬁcation
(4) the qualitative and quantitative analysis oﬀered by
coupling SEM with EDX microanalysis
Transmission electron microscopy (TEM) has, also, been
introduced in the ﬁeld of cultural heritage materials; the
information in this case is, as well, both morphological and
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Table 1: Summary of analytical techniques used in the ﬁeld of built cultural heritage, regarding acquired information, sample requirements,
and major limitations.
Techniques

Acquired information

Atomic absorption/emission spectroscopy (i) Elemental chemical
AAS/AES
composition
(ii) High sensibility & precision
Inductively coupled plasma optical
for quantitative analysis
emission spectrometry
(ppm/ppb)
ICP-OES

Fourier transform infrared spectroscopy
FTIR

(i) Molecular chemical
composition
(ii) Qualitative analysis

RAMAN spectroscopy

(i) Molecular chemical
composition
(ii) Qualitative analysis

X-ray ﬂuorescence
XRF

(i) Elemental chemical
composition
(ii) Quantitative analysis

X-ray diﬀraction
XRD

(i) Mineralogical composition
(ii) Semiquantitative analysis

Particle-induced X-ray
emission/particle-induced
gamma-ray emission
PIXE/PIGE
Mass spectrometry
MS
Gas chromatography/high-performance
liquid chromatography/ionic
chromatography
GC/HPLC/IC
Laser-induced breakdown spectroscopy
LIBS
Laser-induced ﬂuorescence
LIF

Sample requirements

Limitations

(i) Solid samples are
converted to liquid
solutions

(i) Time-consuming sample
preparation
(ii) Sample destruction

(i) Small amount of solid &
liquid samples
(ii) No sample preparation
for ATR-FTIR mode
(iii) Nondestructive in situ
instrumentation
(i) No preparation of solid
samples
(ii) Nondestructive in situ
instrumentation
(i) No preparation of solid
samples
(ii) Nondestructive in situ
instrumentation
(i) Pulverising of solid
samples
(ii) Nondestructive in situ
instrumentation

(i) Elemental chemical
composition

(i) No preparation of solid
samples

(i) Isotopic determination

(i) Pulverising of solid
samples

(i) Separation techniques
(ii) GC/HPLC mainly employed
(i) Samples must be
in organic compounds
solubilised
(iii) IC employed in inorganic
compounds
(i) Elemental chemical
(i) No sample preparation
composition
(ii) In situ instrumentation
(ii) Qualitative & quantitative
analysis
(i) Molecular chemical
composition

chemical (when combined with EDX), and the magniﬁcation
level here is even to subnanometre scale. However, the small
size of the analyzed area (only a few square micrometres)
does not permit a broad sample examination, while sample
homogeneity is required for a full-potential TEM analysis.
Furthermore, another scanning microscopy technique,
recently developed, is the atomic force microscopy (AFM).
It was commercially introduced in 1989 and is a nanoscale
technique aiming at measuring the topography of a nonconductive sample, providing 2D and 3D images. There is some
work published using this technique in the ﬁeld of cultural
heritage, e.g., [10]. However, this technique has a limited
application in cultural heritage samples, since their surface

(i) No sample preparation
(ii) In situ instrumentation

(i) Peak overlay and/or
shifting, when mixtures
are measured
(ii) Database is required

(i) Quantiﬁcation
uncertainty
(ii) Elements of low atomic
number are not detected
(i) Detection limit above
~5%
(ii) Database is required
(i) Quantiﬁcation
uncertainty
(ii) Elements of low atomic
number are not detected
(i) Risk of sample
contamination
(i) Time-consuming sample
preparation
(ii) Requirement of internal
and external standards
(i) Surface destructive
technique
(ii) Database is required
(i) Database is required
(ii) Only ﬂuorescence
compounds are detected

texture and roughness is above nanoscale in most of the
examined cases. Nevertheless, this technique is increasingly
gaining ground in the assessment methodology of conservation interventions that involve nanomaterial applications
[11–14]. In Table 2, the main advantages and limitations of
SEM, TEM, and AFM techniques in the ﬁeld of build cultural
heritage are summarized.
1.4. The Diﬀusion of SEM-TEM Techniques in the Built
Cultural Heritage Research Field: A “Numeric” Evaluation
by Scopus and Google Scholar. As already discussed, scanning
and transmission electron microscope techniques have been
widely applied in the characterization and in the evaluation
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Table 2: Summary of the main advantages and limitations of SEM, TEM, and AFM in the ﬁeld of build cultural heritage.

Technique

Advantages

Limitations

Scanning electron
microscopy, SEM

(i) No sample treatment (ESEM), or simple
application of gold and/or carbon coating
(ii) Quantitative analysis when coupled with EDX

(i) Certain working conditions can alter sample surface
(ii) Small area examination is not always representative

Transmission electron
microscopy, TEM

(i) Nanoscale resolution
(ii) Quantitative analysis when coupled with EDX

Atomic force microscopy,
AFM

(i) No sample treatment is required
(ii) Nanoscale resolution
(iii) Acquisition of 3D images

of the performance of new and traditional methods for the
preservation of monuments. In an eﬀort to numerically evaluate how really diﬀused SEM and TEM techniques are in the
ﬁeld of architectural heritage, a bibliographic research was
conducted in two of the most common search databases: Scopus (https://www.elsevier.com/solutions/scopus) and Google
Scholar (https://scholar.google.com). Hereby, the results
obtained are presented and discussed.
The publications of these platforms derive from diﬀerent
sources, and in particular Google Scholar provides data
related to a larger number of resources not limited to the traditional academic research ﬁeld. Scopus, indicated as the
largest abstract and citation database of peer-reviewed literature, counts about 18500 peer-reviewed journals from over
5000 publishers, 1800 open access journals, 250 conference
proceedings (for a total of 4.8 million documents), 425 commercial publications, 350 book series, Medline (full coverage), 375 million quality web pages through Scirus 17, and
24.8 million patent registrations. As stated in the guidelines,
Google Scholar allows you to search through many disciplines and sources: documents approved for publication, theses, books, abstracts and articles of academic publishers,
professional orders, databases of studies not yet published,
universities, and other academic organizations. However,
Google Scholar does not allow a selection of materials, so
you only get information about the number of publications
related to a given topic.
The comparison among these two search engines can
give some really interesting conclusions in particular on
how diﬀerent results can be obtained starting from the same
key words. The key words used in the search were “scanning
electron microscopy” AND “cultural heritage” or “transmission electron microscopy” AND “cultural heritage.” The
period of time considered was between 2005 and 2018.
Using the key words “scanning electron microscope” AND
“cultural heritage,” the research on Scopus results in 200
documents, 20 of which as open access. The majority of
these are articles in journal (82.5%), papers related to conferences (13.5%), and in minor number reviews (4%). All the
documents are spread in a total number of 110 journals,
including journal proceedings. Among these, the Journal of
Cultural Heritage is the one with the higher number of
papers on SEM applications (10 papers), followed by the
Journal of the Total Environment (9 papers), Applied Physics A Materials Science and Processing (8 papers), Surface

(i) Sophisticated sample treatment is required
(ii) Sample treatment can aﬀect quality of results
(iii) Small area examination is not always representative
(i) Not applicable when surface texture is above
nanoscale
(ii) Small area examination is not always representative

and Interface Analysis (7), and Applied Surface Science
(6). The most cited paper (71 citations) focused on the deterioration due to fungal and bacterial growth of marble
treated with a synthetic resin [15]. The results of the research
in Google Scholar are quite diﬀerent and very interesting.
Using the same key words, we obtain 7650 records from
2005 to 2018.
The results obtained were analyzed using an external tool
created by Anne-Wil Harzing (University of Melbourne),
distributed free of charge on the web and called Publish or
Perish (PoP) (http://www.harzing.com/pop.htm) which calculates, using Google Scholar data, citation indexes for individuals, magazines, and institutions. Applying again the key
words “scanning electron microscopy” AND “cultural heritage,” PoP selects 780 publications between 2005 and 2018.
The most cited paper (466 citations) is an archaeological
study of 2010 published in Nature concerning the use of
stone tool manufacture [16]. Among other articles, an interesting work concerning the study of historical mortars by
Elsen (255 citations) is also reported [17], not present in
the list obtained through the previous search in Scopus.
Another important paper (with 133 citations) is related
to the identiﬁcation of artist materials, where SEM is applied
for comparing analytical results obtained by other in situ
techniques [18]. As in the previous case, this article and other
interesting papers are not reported in Scopus.
The research about the application of TEM in heritage
science follows the same approach, using “transmission electron microscopy” AND “cultural heritage” in Scopus and
Google Scholar as key words in the years 2005-2018.
In Scopus, 21 documents were pointed out published in
19 journals, among which are 27.8% in the subject area of
Materials Science, 18.5% in Chemistry, 18.5% in Physics
and Astronomy, 11.1% in Engineering, 5.6% in Arts and
Humanities, and 5.6% in Computer Science. The 13% of
the remaining documents are spread out in other subject
areas. The majority of these documents are articles in journal
(71.4%), paper conferences (14.3%), reviews (9.5%), and
book chapters (4,5%). Again as for SEM, the journal with
the highest number of papers in which TEM is cited is the
Journal of Cultural Heritage (3 papers) and the only three
papers found are the same resulting for the SEM applications.
One of the most cited papers (69 citations) is a study on the
carbonation process of nanolime, used as consolidant in cultural heritage [19].
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In Figure 1, the distribution of the papers related to SEM
and TEM applications per year is reported, on the base of
data coming from Scopus. The application of SEM analyses
in the ﬁeld of Cultural Heritage has increased over time
and seems to have reached a “threshold,” probably due to
the transition from “technique for the research ﬁeld” to “routine technique.” TEM is much less widespread, probably due
to the cost of the instrumentation, the diﬃculty in preparing
the samples, and its reduced applicability. For these reasons,
the trend of the application of the TEM technique in cultural
heritage does not show a regular increase over time.
These considerations refer to a signiﬁcant number of
publications, which only partially reﬂect the actual situation,
since not all the journals are included in Scopus.
In Google Scholar, 1900 papers are picked but as previously the data are not analyzed. For this reason, the same
key words were selected via PoP and 997 publications were
highlighted in the years 2005-2018. The most cited (753 citations) is a book in which a paper about the application of gels
for cleaning artworks materials is presented [20]. The articles
picked by POP are speared in almost 450 diﬀerent journals,
proceedings, and websites.
Based on this short research, it is evident that the
selection of the key words and the database can give very
divergent results. Moreover, the use of simple and straightforward key words, as SEM-CH and TEM-CH, used to facilitate the search does not give complete data. In some cases,
using additional words or just changing the combination of
the words, we found papers—not included in the Scopus
and Google searches—in which SEM and TEM techniques
are used. Based on the results, while TEM is mainly used
for the development and applications of nanotechnology,
SEM can be considered as a common analytical technique
in all areas of cultural heritage research, starting from the traditional material characterization to the development of
innovative and breakthrough methodologies.

2. SEM-EDX Analysis
2.1. Instrumentation and Sampling Preparation. The technique is based on an electron beam scanning the sample in
parallel lines in order to obtain an image at the required level
of zoom. The electron beam is produced in a high-vacuum
column, where the heating of a ﬁlament (tungsten, lanthanum hexaﬂuorine, etc.) generates the electrons. These electrons are then accelerated by a potential diﬀerence
controlled by the operator, which may vary between 200 V
and 500 kV, depending on the sample.
There are diﬀerent types of columns, magnetic lenses,
and overtures which are used to achieve the focalization
and condensation of the originally disperse electron beam.
At the end of the column, a magnetic device is responsible
for the scanning movement of the beam over the surface of
the sample.
In the conventional electron microscopes, the chamber is
also subject to high vacuum (approx. 10-7 atm) to avoid the
beam and the diﬀerent signals produced by the interactions
colliding with the gases that it may contain. The newgeneration SEM, called environmental (ESEM) can also work
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at low pressures to examine samples that cannot resist such
high pressures, such as biological samples.
One of the many advantages of the technique in cultural
heritage is the versatility of the detectors that can be coupled
to it to study the interactions generated by diﬀerent kinds of
signals: secondary electrons, backscattered electrons, Auger
electrons, X-rays, cathodoluminescense, etc. The detectors
most used in cultural heritage are (i) the secondary electron
(SE) detector, which renders topographical images as a consequence of the collision of the primary electron beam, (ii)
backscattered electron detector (BSE), which renders the
so-called compositional images, since elements of higher
atomic number are displaying by higher contrast, and (iii)
energy-dispersive X-ray analysis which makes a spectrum
of X-rays emitted by the specimen on the basis of their
energy. These diﬀerent phenomena can take place over the
sample simultaneously while it is being observed, making this
fact the greatest advantage of SEM-EDX technique.
The use of accelerated electrons as a lighting source
instead of visible light has improved the magniﬁcation
achieved. Moreover, its depth of ﬁeld allows it to focus
at diﬀerent heights, which makes the three-dimensional
images obtained quite realistic. Because of this feature,
samples observed with a scanning electron microscope
do not have to be ﬂat, as in the case of optical microscopy.
Images obtained are colored in diﬀerent levels of greyscale
corresponding to diverse information depending on the
detector used.
At the beginning of SEM-EDX applications, a sample
under investigation required special treatment which
included the application of gold and/or carbon as coatings
on its surface for increasing its conductivity. Application of
gold resulted in SEM images of improved quality, where
application of carbon resulted in more accurate EDX analysis. However, sample treatment nowadays is not required,
due to the advances of ESEM-EDX.
In cultural heritage, the scanning electron microscope is
usually used coupled to an EDX microanalyzer, which allows
chemical elemental analysis of the observed spots or areas to
be conducted. SEM-EDX is one of the most interesting techniques used in the study of material characterization and
decay diagnosis in architectural heritage, mainly because of
its ability to obtain topographical, morphological, and chemical information with little to no sampling preparation, as
previously discussed. New software tools related to microanalysis revolutionized its application, since elements’ distribution on the examined area can be depicted on the
respective SEM images through scan lines or surface maps
using pseudo-colors.
In addition, further research has ﬂourished in the thematic area of digital processing of SEM images in an attempt
to quantify the qualitative topographical and morphological
results that are acquired by SEM. This research ﬁeld is
focused on the porosity estimation of building materials
[21, 22], as well as in the assessment of conservation interventions [23].
2.2. SEM-EDX Applied in the Protection of Built Cultural
Heritage. The adverse eﬀect of environmental loads on
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Figure 1: Diﬀusion over the time of the papers that report SEM/TEM application in cultural heritage studies.

construction materials is manifested through the various
degradation processes detected on both modern and historical buildings. The type and extent of each decay pattern may
vary according to the examined building material, the speciﬁc
environmental factors, the microclimate of the construction,
anthropogenic activities (vandalism), abandonment, etc.
Both historical and modern constructions need conservation/restoration or repair interventions. The research over
the most appropriate intervention methodologies and on
the development of new materials is vast due to the challenges posed by environmental and socioeconomic factors.
The turn to scientiﬁc approaches regarding the protection
of built cultural heritage and the trend of designing more sustainable materials and architectural forms have enriched the
research to a great extent.
2.2.1. Characterization and Decay Diagnosis of Stone. In
urban environments, the development of superﬁcial crusts,
the acid attack, and the accumulation of pollutants are to be
faced. These procedures should be well documented in order
to reveal the exact degradation mechanism and in order to
design the next steps for eliminating their negative eﬀect.
SEM-EDX analysis has been widely used within this purpose.
The sulphation of calcareous stones is a common degradation process in urban environments. Th. Skoulikidis pioneered in the utilisation of SEM for the examination of
gypsum formation on ancient marbles, suggesting a sulphation mechanism based on the electrochemical cell theory
[24]. Since then, SEM has been used for the observation of
gypsum formation on various calcite lithotypes during which
it was proven that the lateral distribution of gypsum crystals
depended on the mineralogical composition [25].
The formation of black crusts on architectural surfaces
made of calcareous stones has been investigated through
SEM-EDX analysis at several important European monuments such as the Acropolis monuments in Athens, Greece

[24, 26] and the Cathedral of Seville in Spain [27], among
many others. The SEM-EDX analysis of a series of samples
collected from buildings in Lisbon, Portugal, constructed
from various traditional and modern building materials
revealed the presence of hazardous pollutants and demonstrated the role of diﬀerent factors in the formation of the
crusts [28]. Furthermore, the investigation of several crusts
on the ancient marbles of the Sanctuary of Demeter in the
industrial atmosphere of Eleusis in Greece, using electron
probe microanalysis (EPMA) and SEM, resulted in the
in-depth compositional analysis of the samples, classifying
the formulation mechanisms of the identiﬁed crusts [29].
The SEM images (Figures 2(a) and 2(b)) show two samples of black crust perpendicular to the surface. EDX spectra
of Figure 1(a) show the content of calcium (blue EDX spectrum) and sulphur (red EDX spectrum), while EDX spectra
of Figure 2(b) show the content of calcium (purple EDX
spectrum) and sulphur (turquoise EDX spectrum) with aluminium spectrum (red line) and silicon spectrum (green
line). The inner part is mainly composed of calcium, due to
calcite of the limestone, while the surface is composed of sulphur and calcium, due to the gypsum generated as a reaction
between SO2 from pollution and calcium carbonate from
limestone. This layer captures other particles present in the
atmosphere and produces a characteristic grey-black color.
SEM-EDX allows analysing the process to assess the eﬀect
of pollution on built heritage and evidence the diﬀerence of
texture and porosity in the new surface [30]. The line scan
is a useful tool for surface analysis and layer characterization
of weathering forms.
Another important advantage of SEM-EDX application
in the investigation of crusts is the detection of any patina
occurrence. Detection of patinas and polychromes is of high
importance due to historical, physicochemical, and aesthetical reasons; and as such they have to be preserved during
the application of conservation interventions.
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Figure 2: SEM-EDX analysis of a black crust over limestones from façades of XIII-XV centuries from Seville (Spain). (a) The blue EDX
spectrum is calcium, and the red EDX spectrum is sulphur; (b) the purple EDX spectrum is calcium, and the turquoise EDX spectrum is
sulphur. EDX shows the presence of a compound of sulphur and calcium on the surface (gypsum) and the matrix of calcium from limestone.

During the decay diagnosis of the building materials of
the main facade of the National Archaeological Museum of
Athens, Greece (NAM), the characteristic decay pattern of
black crust was identiﬁed at many of the marble surfaces
under examination [31, 32].
The cross sections of core samples taken from the marble
capitals of the NAM were investigated by SEM and EDX
mapping. Figure 3 presents a representative image of a cohesive black crust constituting of (a) an inner, compact, and
clear gypsum layer of microcrystalline texture, (b) an outer
gypsum layer rich in Si and Al, and (c) a layer of low thickness, rich in Ba and Zn, located in between the two aforementioned gypsum zones and depicted as white line in the SEM
BSE image (Figure 3(b)). The examined sample holds a typical stratiﬁcation of a black crust that is a clear gypsum layer
inwards and an external gypsum layer which contains aluminium silicate compounds and presents dark coloring, due
to the accumulation of black depositions as the digital
microscopy image demonstrates (Figure 3(a)). However, the
Ba-Zn middle layer was not typically expected to be identiﬁed, and therefore studying its origin is of high importance,
since if it is a patina, it should be recorded and preserved
whenever conservation treatments are to be applied.
Within this investigation framework, sampling, from
corresponding areas of the indoor marble capitals of the
entrance hall of the NAM, took place. The indoor marble
capitals of NAM hold several coloring decoration residues
of gold, blue, and red hue that can be visually observed. In
addition, conservation treatments have never been performed on these architectural surfaces, according to the
museum records. Therefore, whichever decoration technique
had been used, it can be dated back to the initial construction
of the historic building at the end of the 19th century.
Figure 4 displays representative results of the SEM and
EDX mapping investigation of an indoor marble sample with
a golden hue, due to the use of an organic pigment [32], cut in
cross section.
Figures 4(b)–4(f) demonstrate the presence of a thick
layer rich in Ba, Zn, and S, on the top of the marble surface
and under the organic pigment layer (Figure 4(a)). Ιt is

concluded that this layer is the white pigment of lithopone
(main chemical composition: ZnS 28% and BaSO4 72%),
which was introduced at the second half of the 19th century,
and it was also used as a preparation medium and base for
several coloring decorations such as gold [33]. It is produced
according to the coprecipitation reaction of barium sulfate
and zinc sulphide, as shown below:
BaS + ZnSO4 → ZnS + BaSO4

1

Therefore, it can be concluded that the Ba-Zn layer identiﬁed in between the gypsum layers at the black crust sample
of the outdoor capital of the NAM is a remnant of lithopone
pigment. This is important historical evidence pointing out
that the outdoor capitals of the NAM historic building were
colored somewhere between the end of the 19th century
and the beginning of the 20th century, the period that lithopone use was ﬂourishing. Therefore, this lithopone layer is
considered a patina and it has to be preserved whenever conservation interventions take place in the future at the historical building of NAM.
The salt-induced decay phenomena on natural stones
are another important and severe decay factor that has
to be addressed. Capillary rise and/or marine aerosols are
the predominant sources of salts in stone structures. Stone
microstructure properties, such as porosity and pore size
distribution, along with environmental conditions aﬀect
salt crystallisation processes. Granular disintegration of
stones, cracks, and even detachments of whole masonry
parts can take place as a result of salt crystallisation within
porous systems.
SEM-EDX analysis can be used for determining the morphology and the chemical composition of salt crystals, as well
as for mapping the superﬁcial and in-depth distribution of
diverse saline phases in the building stones. Salt eﬄorescence
and subeﬄorescence phenomena of the Falla Chapel’s
building stones at the Cathedral of Cadiz in Spain were
documented regarding their spatial distribution on the monument, their seasonal variation in correlation to microclimate, the kind of salt detected due to the mixed urban and
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Figure 3: (a) Digital microscopy image of black crust on an outdoor marble capital of the National Archaeological Museum of Athens,
Greece, (×25); (b) SEM BSE image of the black crust under examination; (c, d, e, f, g, h) EDX mapping of the detected elements, Al, Si,
Ca, S, Ba, and Zn, respectively.
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Figure 4: (a) Digital microscopy image of coloring decoration imitating gold on an indoor marble capital of the National Archaeological
Museum of Athens, Greece (×25); SEM BSE image of the colored area under examination; (b, c, d, e, f) EDX mapping of the detected
elements, Ca, S, Ba, and Zn, respectively.

coastal environment, and the degree of deterioration induced
by each one [34]. Moreover, SEM-EDX has been used to
record and document diﬀerent halite morphologies in the
investigation of the eﬀects of marine aerosol dry deposition
on monuments of the Medieval City of Rhodes, Greece [35].
The Medieval City of Rhodes is an exceptional paradigm
of marine environment, demonstrating how NaCl crystallisation acts on highly porous stones, as the biocalcarenite
found at Rhodes monuments. The growing mechanism of
NaCl crystals was monitored through the utilisation of
SEM and EPMA, while their possible disruptive eﬀect on
pores’ walls was documented in samples taken from historical masonries [36]. In this work, it was shown that wellshaped isometric crystals of NaCl are developed in stone
pores, located at the lower and inner parts of the historical
masonries examined, that is, areas where samples presented
comparatively high humidity concentrations (Figure 5(a)).
Thus, the growth of NaCl isometric crystals is favored in a
pore, when the supply rate of salt solution is higher compared to the evaporation processes. In contrast, when the
evaporation rate is higher in comparison to the salt solution
supply, then columnar crystals of NaCl are developed in a
pore (Figures 5(b) and 5(c)). This kind of condition was
found at higher and external surfaces of the historical
masonry studied, where low humidity values were measured
at the samples under investigation.
Therefore, the above presented diﬀerences in the crystal
growth patterns of NaCl designate the diﬀerences in the
evaporation rates of the historical stone masonries under
investigation both height-wise and depth-wise [36].

However, whatever the case of crystal growth pattern is,
as NaCl crystals grow in the pores, disruption of the pore
walls may occur, depending on the crystallisation pressure
applied by the growing crystals against pore walls, microclimatic conditions, and stone properties.
Besides the inorganic types of decay described above, biologically induced damage is another important deterioration
factor of stone. Biodeterioration, that is, degradation of stone
surfaces by lichens, fungi, algae, and bacteria, is a process of
physical, chemical, biological, and aesthetical nature [37].
The stone matrix is mechanically damaged by hypha penetration and thallus development, while chemical decomposition of stone takes place due to the excretion of organic acids,
some of which induce color change on the stone surfaces
[38], while the biological eﬀect on stone texture results in
mineral substitution or leaching [39].
Colonization of microorganisms on stone depends on
environmental conditions as moisture, temperature, light
exposure, and nutrition availability [40].
SEM application in biodeterioration studies is rather
helpful in the identiﬁcation and classiﬁcation of the microorganisms evident on the historical substrates, based on their
shape and morphology characteristics. Furthermore, information on the biodeterioration mechanisms and their impact
on the stone texture can be ﬁgured out by SEM observations.
The Archaeological Site of Amphiareion in Oropos,
Greece, was an oracle dedicated to the ancient hero of
Amphiaraos, built in the late 5th century BC. As many
archaeological sites, Amphiareion presents extensive biodeterioration on its building elements. Samples from marble
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Figure 5: SEM images of diﬀerent growth patterns of NaCl crystals in biocalcarenite porous stone, Medieval City of Rhodes, Greece. (a)
Growth of NaCl isometric crystals (magniﬁcation ×160); (b, c) growth of NaCl columnar crystals (magniﬁcation ×200).

surfaces presenting discoloration and biological degradation
were collected to be evaluated. The abacus depicted in
Figure 6(a) was one of the stone elements under investigation
and is a representative one regarding the preservation state of
the Amphiareion marble surfaces. SEM investigation of a
sample taken from a black-grey area of the marble abacus
demonstrated the presence of microcolonial fungi (MCF) of
the black yeast type. In particular, a large part of the marble
surface presents biopitting by clearly evident MCF individual
cells which penetrate deeply into the marble matrix
(Figures 6(b) and 6(c)). Furthermore, in Figure 6(d), biopitting and fresh breaking cleavage that shows the disastrous
speed of marble bioetching through the microcolonial fungi
action are evident, while at the left part of the image, a ﬁlamentous growth starting a new microcolony made exclusively
by yeast-like cells is observed. A pollen grain and ﬁlaments of
actinomycetes attached to the bioﬁlm are detected in
Figure 6(e), whereas at the upper left of the image one large
fungal ﬁlament covered by neomineral crystals is noticed.
Finally, a lichen fungal mycelium, a fungal hyphae, bioﬁlm,
and pitting by individual cell clusters or ﬁlaments which penetrate vertically into the marble are presented in Figure 6(f).
Therefore, despite the macroscopic initial impression of a
discolored but ﬁrm external marble surface, it is demonstrated by SEM that both epilithic and endolithic lichens
and fungi are present, disintegrating the marble matrix
chemically and mechanically.
2.2.2. Historical Mortar Technology. The examination of textural characteristics of historical mortars is, also, an important ﬁeld regarding the materials science in built cultural
heritage. Microtextural examination is achieved by SEM
investigation and provides valuable information on the
properties, the performance of historical mortars and concretes, the production technology [41], and the evolution
of new phase formation [42]. Information about mortar
morphology and texture regarding the interface cohesion
of binder aggregates [43], as well as study of chemical composition, can be accomplished by SEM-EDX utilisation
[44]. Lumps found within the mortar matrix [45], as well
as reaction rims between pozzolanic additives and lime
binders [46], are observed by SEM-EDX, shedding light to
the production technology adopted. Furthermore, decay

induced by salt crystallisation into mortars’ pores can be
also monitored [47].
The knowledge of the physicochemical and physicomechanical properties of historical mortars is the basis
for the design of compatible restoration ones [48, 49].
SEM-EDX is a valuable technique throughout this design
and decision-making procedure, as various studies in literature imply [43, 50].
In the study of the historical mortars of the Plaka Bridge
in Epirus, Greece, SEM-EDX analysis provided important
information about their microstructure characteristics and
thus on their production technology. Plaka Bridge was built
in 1866 and, because of its unique architecture, is considered
a characteristic monument of the Epirus region. In 2015, its
central part collapsed, and an interdisciplinary study for its
restoration was undertaken by the National Technical University of Athens [51].
Historical mortars of Plaka Bridge were thoroughly
investigated during this study, in order to design performing
and compatible restoration mortars [52]. It was concluded
that Plaka historical mortars are lime-pozzolan ones, presenting high hydraulicity [49]. Mercury intrusion porosimetry (MIP) measurements showed high porosity values
(around 43% in average), high speciﬁc surface area values
(19.47-49.49 m2/g), low average pore radius values (0.0130.047 μm), and low bulk density values (1.11-1.64 g/cm3)
[49, 52]. These microstructure characteristics are attributed
to the extended network of ﬁbrous particles that cross the
mortar binder and in many cases are shaping elongated rods,
as well as to the use of ﬁbrous minerals as aggregates
(Figures 7 and 8, respectively).
It seems that, since the Plaka Bridge, as a one-arched
bridge, had special construction requirements, these requirements included the use of a special traditional technology for
mortar production: lightweight mortars with low average
pore radius and such pore size distribution to hinder the capillary rise of the river water.
2.2.3. Assessment of Conservation Materials and Treatments.
The need for a solid analytical methodology in order to assess
conservation interventions using certain performance criteria is pointed out in the literature [31, 53, 54]. Cleaning,
consolidation, and protection are some of the most common
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Figure 6: (a) The marble abacus under examination, Archaeological Site of Amphiareion in Oropos, Greece; SEM images of marble sample
under examination showing (b, c) biopitting and microcolonial fungi (MCF) of the black yeast type; (d) biopitting and fresh breaking
cleavage; (e) bioﬁlm, pollen grain, and ﬁlaments of actinomycetes; and (f) lichen fungal mycelium, fungal hyphae, bioﬁlm, and pitting.
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Figure 7: SEM images of a historical mortar from Plaka Bridge, Greece. (a) General view of the mortar binder; (b) and (c) ﬁbrous particles
aggregating to rods crossing the mortar matrix.

interventions that take place in the ﬁeld of architectural heritage. The choice of a conservation material/method is based
on multiple parameters that mainly consider issues of compatibility between treatments and substrates; however, each
application should be both laboratory- and pilot-tested on
the scale of the historical building under investigation, to
ensure that compatibility requirements are actually satisﬁed.
SEM-EDX is a powerful tool for the aforementioned
aim, since diverse data regarding texture, morphology, and
composition can be collected about the “composite” system
of conservation material-historical substrate, for many

aspects of conservation science such as (a) optimisation
and performance assessment of consolidation treatments
using nanolime materials [19], novel inorganic methods
[55, 56], and hybrid nanomodiﬁed materials [57]; (b)
assessment of water repellent performance regarding their
penetration into porous stones [58]; and (c) assessment of
cleaning treatments on stone crusts [59, 60], and on diﬀerent types of graﬃti [61–64].
One of the most important criteria regarding the
cleaning assessment of black crusts is the chemical–mineralogical composition of the cleaned surface along with its

12

Scanning

(a)

(b)

Figure 8: SEM images of a historical mortar from Plaka Bridge, Greece. (a) General view of the aggregate within the mortar matrix; (b) zoom
in the mortar aggregate structure: ﬁbers nestled in a mesh.

stratiﬁcation. SEM-EDX analysis of samples, taken from a
black crust surface before and after cleaning, cut in cross
sections, gives valuable information about the surface
microstructure, the layers that have been retained and/or
removed, the patina preservation (if it is present), and
the possible cleaning by-products or other adverse eﬀects
that cleaning may have induced on stone.
Following the decay diagnosis of the NAM capitals and
the patina identiﬁcation, as presented in the previous section
(2.2.1), pilot cleaning interventions were applied in situ and
an assessment methodology was adopted, incorporating
SEM-EDX among several other evaluation techniques [31].
One of the cleaning methods used for the removal of the
black crust was an ion exchange resin with deionized water
applied for 20 minutes. Figure 9 presents the SEM-EDX
results of the speciﬁc capital surface before cleaning. In this
case, the patina layer presented only barite (BaSO4) and no
zinc sulphide, which can be attributed to higher decay rates
that zinc sulphide presents, in contrast to barite which is a
rather stable and inert compound. Furthermore, the barite
layer is located in the outer zone of a clear gypsum layer presenting microcrystalline texture.
Figure 10 presents SEM-EDX results after the application
of the ion-exchange resin with deionized water for 20
minutes. According to the set cleaning assessment criteria
[31], this cleaning method is classiﬁed as an accepted one,
but it cannot be recommended for ﬁnal application. Even
though the microcrystalline gypsum layer is well-retained,
the patina is not preserved at the required level, since the
continuity and the thickness of the barite layer does not
resemble the corresponding one before cleaning.
Furthermore, the morphological 3D-SEM images allow
establishing the proper conditions for cleaning buildings
stained by graphites or deposits and monitoring the weathering forms [61]. Figure 11(a) shows the monitoring of dolomitic marbles cleaned with a Nd:YAG laser at 1064 nm. In
this stone, widely employed in buildings, pores are mainly
intercrystalline due to grain contacts and no structural damages were observed after laser cleaning, and a surface morphology and porosity similar to fresh marble is observed.

On the other hand, SEM can evidence the damage on painting layers on a cleaning process with Nd:YAG laser at
1064 nm. Figure 11(b) shows a lead white layer after laser
cleaning at 1064 nm and evidence the crater’s occurrence
of diﬀerent sizes with the formation of lead globule.
Because of that, this cleaning technique with Nd:YAG
laser at 1064 nm cannot be recommended for painting
walls where lead white could be employed as pigment or
preparation layer.
The development of new nanoconsolidants based on
nanolimes (Ca(OH)2 nanoparticles) or silica nanoparticles
(SiO2 nanoparticles) is widely studied by SEM since a morphological point of view in order to evaluate the compatibility with the stone substrate. Figure 12(a) shows limestone
coming from the quarry of Puerto Santa Maria (Cadiz, Spain)
with a treatment based on nanolimes where Ca(OH)2 nanoparticles are occupying intercrystalline porosity, consolidating the carbonated and silica grains with calcite, while
Figure 12(b) shows a silica nanoparticle treatment, where a
layer of silica is observed on the surface and does not cross
the surface of the limestone from Espera (Cadiz, Spain).
SEM allows us to explain the incompatibility of silica nanoparticles with this limestone, and therefore, the former treatment based on nanosilica cannot be recommended for this
kind of limestone.

3. TEM Analysis
3.1. Instrumentation and Sample Preparation. Like SEM,
TEM consists of four components: an electron optical column, a vacuum system, electronics (lens supplies for focusing
and deﬂecting the beam and the high voltage generator), and
control software. The electron beam emerges from the electron gun (at the top of the column) and is condensed into a
nearly parallel beam at the specimen by the condenser lenses.
After passing through the sample, transmitted electrons are
collected and focused by the objective lens and a magniﬁed
real image of the sample is projected by the projection lenses
onto the viewing device at the bottom of the column.
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Figure 9: (a) Digital microscopy image of black crust before cleaning, capital, National Archaeological Museum of Athens, Greece (×25); (b)
SEM BSE image of the under examination black crust (c, d, e) EDX mapping of the detected elements, Ca, Ba, and S, respectively.

The most important diﬀerences between SEM and TEM
are as follows:
(i) TEM uses a broad static beam while SEM n beam is
focused to a ﬁne point and scanned line by line the
sample surface in a rectangular raster pattern
(ii) The accelerating voltage in TEM is much higher
since penetration of the specimen is required
(iii) A more sophisticated sample preparation; it is
important to make the specimen stable and small
enough (some 3 mm in diameter) to permit its introduction into the evacuated microscope column and
thin enough to permit the transmission of electrons
Regarding sample preparation for TEM analysis, each
scientiﬁc branch has its own sample thickness requirements,
but the specimen must be thin enough to transmit the electrons, typically 0.5 μm or less.
The TEM mode that is commonly used in the ﬁeld of cultural heritage is the bright-ﬁeld (BF) imaging method. In this
case, areas including elements of higher atomic numbers are
presented darker, compared with the ones that contain lighter elements [65].
3.2. TEM Analysis in Built Cultural Heritage. TEM applications in cultural heritage involve mostly archaeometric

studies of relatively homogeneous materials. Nanocrystals
can be eﬀectively observed in the amorphous matrix of several materials such as ceramics, glaze, and glass [66]. In building materials research, the technique has been employed for
the evaluation of the performance of consolidation treatments [19], as well as the examination of the microstructure
of various pozzolanic mortars [67, 68].
The combination of TEM and SEM is very useful for the
characterization of new nanocomposites, as TEM allows identifying mineral phases and the relationship between the nanoparticles that constitute a nanocomposite, and SEM informs
about the morphology of the nanocomposite and their trend
to aggregate. This last factor must be considered before the
application of the treatment on stone [69]. Figure 13 shows
an example of the combined use of TEM and SEM to study a
nanocomposite based on silver and titanium dioxide nanoparticles. The interaction between silver and TiO2 nanoparticles was studied by TEM. Additionally, as can be seen in the
image inset in Figure 13(a), the high-resolution TEM image
allowed identifying the TiO2 nanoparticles used in the nanocomposite as anatase, measuring the spacing of the lattice
fringes which corresponded to the [1 0 0] lattice plane of the
anatase. The SEM image of the same nanocomposite
(Figure 13(b)) provides tomographic information to identify
the morphological characteristics of the diﬀerent nanoparticles used in this nanocomposite (shape and size) and their
trend to aggregate in the absence of solvent.
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Figure 10: (a) Digital microscopy image of black crust after cleaning, using ion-exchange resin with deionized water for 20 min, capital,
National Archaeological Museum of Athens, Greece (×25); (b) SEM BSE image of the under examination cleaned surface; (c, d, e) EDX
mapping of the detected elements, Ca, Ba, and S, respectively.

(a)

(b)

Figure 11: (a) SEM images of surface morphology for assessing a laser cleaning process of a dolomitic marble. Marble surfaces after laser
cleaning at 1064 nm on the right part of the images and remains of graﬃti covering surface on the left; (b) SEM images of surface
morphology for assessing a laser cleaning process of a lead white painting. Lead white layer after laser cleaning at 1064 nm shows craters
of diﬀerent sizes with the formation of lead globule.

Among recent publications, we introduce here the use
of SEM and TEM for the morphological characterization
of antifouling nanoparticles for heritage application [70].
Based on recent and stricter regulations, many commercial
biocides were gradually banned for toxicity. The use and
application of an antifoulant in heritage preservation, in
particular for archaeological area and outdoor artworks
and buildings, is of crucial importance considering critical
aspects such as eﬃciency, sustainability, and toxicity for

both the operators and the surrounding environments.
The work showed the synthesis and characterization of silica nanocontainers loaded with zosteric sodium salt, a natural product antifoulant (NPA).
Two diﬀerent compounds, sodium benzoate (BS) and
zosteric sodium salt (SZ), were tested and encapsulated
in silica nanoparticles. Figures 14(a) and 14(b) show typical SEM and TEM images of empty silica nanocapsules
(NC). The TEM image (Figure 15(b)) depicts the spherical
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Figure 12: (a) Treatment of nanolime on limestone from Puerto de Santa María (Cádiz, España). Ca(OH)2 nanoparticles enter in stone and
consolidate the grains. (b) Layer of silica nanoparticles over the surface of limestone from Espera (Cádiz, España), showing the incompatibility
of the treatment with this kind of limestone.
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Figure 13: (a) TEM image of a nanocomposite based on silver and TiO2 nanoparticles. Inset, identiﬁcation of the mineral phase of TiO2
nanoparticles as anatase; (b) SEM image of an aggregation of silver and titanium dioxide nanoparticles.

(a)
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Figure 14: (a) SEM and (b) TEM images of the starting empty nanocapsules (NC) (reproduced with authorisation from [70]).

shape of the nanoparticles and shows their hollow nature,
as highlighted by the contrast between the dark edge and
the centre.
The comparison of the SEM and TEM images of the NC
with the nanocapsules loaded with the synthesised biocides

was needed to verify that the process did not promote any
variations in terms of shape, but in size only. Based on the
TEM-associated size distribution (shown in [70]), the size
of the nanocapsules (NC) is centered at 148 nm, while the
distribution of the containers loaded with ZS and BS is at
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Figure 15: (a) SEM and (b) TEM images of the silica nanocapsules loaded with zosteric sodium salt (ZS) (reproduced with authorisation
from [70]).
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Figure 16: (a) SEM and (b) TEM images of the nanocontainers loaded with BS (reproduced with authorisation from [70]).

563 and at 164 nm, respectively. Figures 16(a) and 16(b)
show the SEM and TEM images of the ZS- and BSencapsulated particles, respectively.
The images highlight, in particular, how both samples,
compared to the starting nanosilica containers, appear
agglomerated probably due to the presence of organic residual. The application of SEM and TEM analytical techniques
is in this case fundamental not only for the validation of the
encapsulation process but also for understanding the nanocontainers’ interaction with the products. In the case of biocides, the presence of the products within the containers is
a crucial aspect in order to assure a controlled release of nontoxic and environmentally friendly biocides.
TEM measurements have also proved extremely useful in
the examination of the interface and possible reaction rims
between the binder part and the aggregates of historical mortars, thus revealing their production technology and explaining their excellent properties.
Pozzolanic mortars can be found in several archaeological sites and monuments, as early on as 1500 BC (e.g., wall
covering in Santorini Island, Greece). In the Byzantine and
Ottoman period, many monuments were constructed with

the use of lime mortars with crushed brick, where the crushed
brick plays the role of an artiﬁcial pozzolan. These monuments have shown excellent behaviour throughout the ages
and despite negative environmental factors.
Speciﬁcally, in Figure 17, TEM measurements revealed
the presence of a C-S-H gel crystalline interface, formed
between the calcitic matrix and the exterior of the brick
aggregates of the Hagia Sophia mortars [71]. This phase is
similar to the C-S-H gel phases which are formed in cement
mortars and explains the durability of the Hagia Sophia
throughout the centuries, as well as its excellent response
under earthquake stresses, as these amorphous hydraulic formations (CSH), apart from imparting higher mechanical
strength values to the mortar, also allow for greater energy
absorption without initiations of fractures.
The same gel, with a foil-like morphology, was also
noticed in historical traditional brick mortars found on various monuments in the island of Rhodes (Figure 18), further
aﬃrming its positive eﬀect and the widespread use of this
mortar production technology [67]. These ﬁndings provided
the basis for the design of appropriate restoration mortars
which could exhibit these supreme qualities in addition to
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Figure 17: TEM results of Hagia Sophia mortars: (a) amorphous C-S-H gel formation developed between crystalline phases of calcite and the
dispersed ceramic fragments and quartz crystals in a mortar sample from Hagia Sophia, magniﬁcation: ×22,000; (b) the C-S-H gel presents a
sheet structure, while in certain areas (lower left of image) quasi-crystalline phases are discerned, in the dome rib mortar sample from Hagia
Sophia, magniﬁcation: ×42,000.

(a)

(b)

Figure 18: (a) TEM image of the ﬁlament-like entities, which are recognized as a C-S-H phase, formed in a traditional pozzolanic mortar
from Rhodes; (b) TEM image revealing the foil-like morphology of the C-S-H phase, product of the pozzolanic reaction, in a traditional
pozzolanic mortar from Rhodes.

enhanced compatibility, and TEM can serve as a tool in conﬁrming the optimum formation of the C-S-H gel.

4. Conclusions
The most widely used scanning microscopy techniques in
the ﬁeld of the protection of built cultural heritage are
scanning electron microscopy and the transmission electron microscopy.
SEM-EDX applications are widespread and commonly
found in the ﬁeld of built heritage, and therefore, SEM-EDX
can be considered a routine technique, rather than a research
technique, for (a) building material characterization, (b)
patina identiﬁcation, (c) environmental impact assessment

on building materials regarding pollution, salt crystallisation,
and biodeterioration, and (d) assessment of conservation
materials and treatments, such as cleaning, consolidation,
and protection. The morphological, microstructural, and
chemical information that can be collected and recorded by
a SEM-EDX application, in combination with the little to
no need of sample preparation, has established the key role
of this technique in the ﬁeld of built cultural heritage, where
sampling is rather limited, and therefore techniques which
allow approaches of diverse data are signiﬁcantly valuable.
TEM applications, on the other hand, are not so commonly found in the ﬁeld of built heritage, mainly due to the
heterogeneity that building materials present, a fact that leads
to reduced applicability of this technique, without ignoring
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the demanding procedures of sample preparation, especially
when considering that sample preparation has a great impact
on the quality of TEM results. However, TEM becomes an
indispensable tool in cases such as (a) the detection and
examination of nanostructures in historical building materials, disclosure of their production technology and interpretation of their properties, and (b) the development evaluation
of cutting-edge nanomaterials, specially designed for the conservation of built heritage.
Technological advances will further evolve the capabilities and the applicability not only of the two aforementioned
techniques but also of other scanning microscopy techniques,
in material science, contributing to the application of
improved methodological approaches for the sustainable
protection of built cultural heritage.
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Composite materials were created for usage as reinforcement and to protect the building envelope based on today’s global
conditions such as climate change. Composite materials were manufactured using phenol-formaldehyde resin (case of resol) as a
matrix, carbon ﬁber as reinforcement (7.5%v/v), and perlite (10%w/w) as a low thermal conductivity component, to combine
high mechanical properties with good heat resistance and good thermal insulation properties. The structure of these new
materials was examined through scanning electron microscopy (SEM) and elemental analysis (SEM-EDS). The addition of
perlite (10%w/w) in the resite matrix (without ﬁbers) increased the ﬂexural and shear strength of the composite materials. On
the other hand, the composite materials with ﬁber reinforcement show that the perlite reduces the ﬂexural and shear strength
due to the additional interfaces which were created. During heat treatment at 473 K, carbon ﬁbers had the smallest weight loss
followed by perlite while the resite matrix (i.e., the cured resol) shows the greatest weight loss. It is noted that the role of perlite
is to stabilize the mass of the resite matrix during heat treatment. The composite material with carbon ﬁbers and perlite is a
heat-resistant material with only 2% weight loss at 473 K for 1 hour and shows a low coeﬃcient of thermal conductivity, making
it a new material in the direction of heat-insulating materials.

1. Introduction
Considering it holistically, built heritage constitutes a living
organism of global importance since it carries both the history of humanity and a landmark function for the future.
At the same time, today’s global conditions such as climate
change that disrupt past experience-based performance
expectations of materials in a speciﬁc yet now rapidly changing localities, resulting, for example, in abrupt material degradation [1], brings to the fore the need for new compatible
materials, new methods, and reconstruction techniques in
protecting the heritage [2, 3].
The insulation and the reinforcement of the building
envelope in a way that is compatible with traditional construction are set as top priorities [4], particularly by bearing

in mind that they are responsible for the energy loss and
the stability of the structural system of historic buildings.
Of particular attention is the key role of the structural elements. These may include external and internal load-bearing
brick or masonry walls, mud walls, or timber-framed walls;
columns of stone, cast iron, or concrete; stone, brick, or
concrete vaults; and timber, iron or steel beams, trusses,
or girders. In modern cultural heritage (built after 1940),
the most common structural elements are cast iron and
concrete—something that intermediates between the old
and the new materials and techniques in terms of compatibility. On the other hand, as far as older buildings are concerned,
one is faced with inherent diﬃculties in ﬁnding appropriate
and compatible solutions including materials with good
mechanical properties, heat resistance, and thermal insulation
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[5]. It is in such a complex restoration and preservation
milieu that composite materials ﬁnd their new and augmented role.
Composite materials typically consist of a thermosetting polymer matrix with glass ﬁbers as reinforcement.
In this form, they are applied in many sectors [6–8] such
as shipbuilding, automobiles, and construction. They have
an advantage compared to other materials due to their low
density. However, for applications where high strength and
rigidity are needed, glass ﬁbers are not the reinforcement
that can be used. For applications with high requirements,
where a high modulus of elasticity is required [9, 10], for
instance, in the aerospace and automotive industries, in
high mechanical requirements, and sporting goods, carbon
ﬁbers or aramid ﬁbers are used since both ﬁber categories,
in addition to high tensile strength, also have a high modulus of elasticity.
After the cross-linking of the macromolecules, the thermosetting resins—the cured—are in a solid state, and they
are insoluble in solvents. The most common resins in this
category are phenolic resins, epoxy resins, and polyester.
Phenolic resins are produced by polycondensation reactions
of phenol-formaldehyde through gradual polymerization
with acid catalysts as is the case with novolac resins or base
catalysts as is the case with resol resins. Modern technology
exhibits increasing demands for composite materials with
excellent mechanical properties; however, other properties
are often required as well, such as thermal.
Materials that are used for thermal insulation usually
have thermal conductivity coeﬃcient (λ) less than 0.1 W/mK
[11]. The thermal conductivity of a thermal-insulating
material depends on the volume of enclosed air in the pores
of the material, the size and structure of the pores, the moisture content, and so on. Thermal-insulating materials are
divided into two categories: inorganic and organic. Organic
heat-insulating materials are polymeric materials, such as
polyurethane, extruded and/or expanded polystyrene [11],
and phenolic resins (Bakelite), mainly in a foam form
[11]. Phenol-formaldehyde resins exhibit excellent mechanical properties and also thermal-insulating properties and
heat resistance, in contrast to epoxy resins. A remarkable
inorganic thermal-insulating material is perlite, which is a
low-density material and, as an additive, contributes eﬀectively in the reduction of the weight of the composite
material [7]. It also contributes to thermal-insulating and
heat-resistant properties and improves the mechanical
properties of the polymeric matrix. In addition, as an inorganic material, in case of ﬁre, it contributes to the limitation
of released gases, to the prevention of ﬂame propagation and
to the containment of the blaze [8, 9, 12].
The aim of the paper is to present materials that can help
in the stability of the buildings and possess good mechanical
properties as well as heat resistance properties which can
safeguard the structural system of the buildings against high
temperatures by providing adequate thermal insulation by
protecting the building envelope. To achieve this purpose,
composite materials were manufactured with polymeric
matrix, which has high mechanical properties combined with
good thermal resistance and satisfactory thermal insulation
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properties. To this objective, heat-resistant components are
selected for the composite material, in particular, (a)
phenol-formaldehyde resin (resol) as a matrix, (b) carbon
ﬁbers as a reinforcing agent, and (c) perlite as a component
with a low thermal conductivity coeﬃcient. Composite materials of diﬀerent compositions and proportions of their components are manufactured, and pictures of the samples are
taken through scanning electron microscopy (SEM) including elemental analysis (EDS). Furthermore, the mechanical
properties of the specimens are measured in terms of ﬂexural
strength and shear resistance, while their heat resistance and
their thermal conductivity coeﬃcient are determined.
Τhe features that constitute the composite material help
to protect the building envelope. Thermal resistance together
with thermal conductivity will protect the building in
extreme conditions such as extreme weather events. The typical building materials that are used disrupted in the presence
of water or even moisture, and the consistency of materials is
lost. By manufacturing a heat-resistant material and with
good thermal conductivity, the building is protected by the
presence of such phenomena. Also, mechanical properties
keep the building safe from any displacements due to contraction and expansion of materials or even to some small
seismic vibrations.
1.1. Experiment. The resol resin used as a matrix to construct
the composite material is laboratory-synthesized through
phenol polycondensation (p.a., MERCK) with formaldehyde
(p.a., Riedel-de Haen, solution 36.5%) and barium hydroxide
(Fluka) as a catalyst. The carbon ﬁbers used had a monoﬁlament number of 3000 tex and a density of 1740 kg/m3. In
addition, the perlite is a mineral silicate (70-75% SiO2,
12-15% Al2O3, 3-4% Na2O, 3-5% K2O, and below 1% for
Fe2O3, MgO, and CaO) [13]. In this case, commercial perlite
with a density of 120 kg/m3 was used after being ground to a
particle size of <3 · 10−4 m and then dried at 443 K for 2
hours. For the manufacture of the composite material, the
carbon ﬁbers which have been mentioned above were preimpregnated in a 1 : 6.6 wt% solution of phenol-methanol
(Fluka) in a specially conﬁgured ﬁber wrapping system. After
preimpregnation, the impregnated carbon ﬁbers were heated
at 343 K for 1 hour to remove the methanol, and the resin was
partially cured at 343 K for 1 hour after which the preimpregnated carbon ﬁbers were cut into laminates (prepregs). To
manufacture the composite specimens, the casting technique
was employed as follows. For better dispersement of perlite, a
resol-methanol solution (70 : 30 wt) was added, and the mixture was placed in an ultrasonic bath for 2 hours. The carbon
ﬁbers were placed in an open mold, and the resol with the
dispersed perlite was poured over. After the mold was ﬁlled,
it was placed in a temperature-controlled furnace so when
the resol was cured, it would be transformed into resite.
The heating program was 10 hours at 343 K and 2 hours at
353 K, and then the temperature increased every hour for
283 K until it reaches 403 K with a residence time of 1 hour
at each temperature. Finally, the specimen was left for 2
hours at 423 K to complete the cure, and then the postcuring
process was given an hour at 443 K. To prevent the curling of
the specimens during curing, when 363 K was reached, a
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plate was placed at the top open side of the mold. However,
in order to determine the coeﬃcient of thermal conductivity, larger specimens are required. The manufacture of these
composite materials was done in a 0.28 m diameter circular
mold using 0.003 m chopped carbon ﬁbers, 1700 kg/m3
(R&G Faserverbundwerkstoﬀe GmbH), following the previous procedure.
It is noted that the density of the respective materials is
required to calculate the ratio of components of the composite material (by weight (w/w) and by volume (v/v)).
The density of the resite and the density of the composite
specimens were determined by weighing and measuring
their dimensions.
1.2. Scanning Electron Microscopy (SEM). The scanning
electron microscope used is the FEI QUANTA 200 model.
Initially, all specimens were gold plated and then placed on
a special sampler, which was inserted into the instrument at
a suitable irradiation site under high vacuum and at a voltage
of 15 kV. The analysis of the microstructure of the specimens
was carried out in magniﬁcations ranging from 100x to
5000x, while in selected samples, an energy distribution analysis (EDS) was performed for their qualitative and quantitative elemental analyses.
1.3. Mechanical Properties. The mechanical properties of the
composite materials, speciﬁcally bending strength and shear
strength, were determined by the three-point method
according to ASTM D790-71 and D2344-65T (BS EN ISO
14125: 1998). For the bending and shearing tests, the specimen is placed horizontally on a support span, and the load
is applied to the center by the loading nose, a special dynamometer, which, by applying pressure, measures the resulting
deﬂection in proportional indication. The result corresponds
to a force in a table given by the instrument manufacturer,
and then the bending strength σb (MPa) and the shear
strength τb (MPa) are calculated:
3Pmax ls
,
2bd 2
P
τb = 0 75 max ,
bd

σb =

1

where Pmax is the maximum load, as the specimen breaks (N);
ls is test length (m); b is width (m); and d is thickness (m).
1.4. Heat Resistance. The heat resistance of each material was
determined by weight loss after heating in a furnace. The heat
resistance is determined separately in the individual components of the composite material as well as in the composite
material. The furnace had been heated to 473 K and not
higher since phenolic resins decompose and begin to lose
their properties above this temperature. The weighed materials were placed therein in the presence of atmospheric air.
The materials were weighed every 1 hour for 5 hours, and
the weight loss of the materials was determined.
1.5. Determination of the Thermal Conductivity Coeﬃcient.
The coeﬃcient of thermal conductivity of the composite

material with 10%w/w perlite and 7.5%v/v carbon ﬁbers is
determined in an appropriate composition. The two specimens of the composite material were cast into large disks in
a diameter of 28 cm, which is equal to the diameter of the
metal plates of the sampler. The measuring device is based
on the method of DIN 52 612 and includes a suitable heating
regulator as well as an appropriate sampler. The latter consists of three identical (0.28 m) metal plates where the central
plate is the thermal plate (with a suitable built-in resistance)
and provides heating through an external heating regulator
while the other two are the cold plates and lie above and
below the central one. The two identical test pieces of the
composite materials are placed between the cold metal plates
so as to measure the temperature. The complete layout of the
sampler is well insulated at the top and bottom, as well as
circumferentially. The sampler conﬁguration and the temperature measurement locations are shown in Figure 1. Measurements are made isothermally at 317 K, and the following
equations are applied:
λ=

ΦSm
,
2A Θwm − Θcm

x
Φ=P ,
y
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where A is the sample surface (m2); Sm is sample thickness
(m); Θwm is average temperature of hot surfaces of specimen
A and B where Θwm = 0 5 (T 3 + T 2 ) (m); Θcm is average temperature of cold surfaces where Θcm = 0 5 (T 1 + T 4 ); Φ is
capacity resistance of the heating plate calculated by equation (3) (coeﬃcient 2 because we have 2 samples); x is the
time the system emits heat over a certain period of time; y
is the time period that the system emitted heat for time x;
and P is the power outside the thermal heater (W).

2. Results and Discussion
To manufacture the composite specimen resite resin, one
direction carbon ﬁbers and perlite were used as shown in
Table 1.
The densities of the above materials were as follows:
resite ρp = 1190 kg/m3 , R90-P10 composite ρΣ1 = 1040 kg/m3
(expected density from the rule of the mixtures with the proportions of the individual components per weight ρΣ1M =
1080 kg/m3 ), and of the composite material R90-CF7.5-P10
ρΣ2 = 1060 kg/m3 (expected density ρΣ2M = 1130 kg/m3 ).
Therefore, replacing an amount of the resite matrix with
perlite (10% by weight) leads to a lower density of the
composite material (R90-P10), because the perlite density
is about 10 times lower than that of the resite.
Figure 2 shows the SEM photo of a resite specimen with
carbon ﬁber and perlite (R-P10-CF7.5) at a magniﬁcation
of 400x, Figure 3 is at a magniﬁcation of 1000x focused on
the ruptured surface where the carbon ﬁbers are visible, and
the Figure 4 specimen of resite with carbon ﬁber (R-CF7.5)
at 1000x magniﬁcation is focused on the rupture surface
where the carbon ﬁbers are distinguishable. From Figures 2
and 3, it is noted that the dispersion of the perlite is
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Upper cold plate
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Heating plate

Specimen B

Lower cold plate

Figure 1: The operating principle of the device for measuring the
thermal conductivity coeﬃcient λ. T 1 , T 2 , T 3 , and T 4 are
temperatures measured by the corresponding thermocouples. The
heated metal plate indicates the heating position of the built-in
electrical resistance through an external regulator.
Table 1: Compounds of resol resin–carbon ﬁber–perlite.
Composite material
R
R-CF7.5
R90-CF7.5-P10
R90-P10
R80-P20
R70-P30
R60-P40
∗

Resol∗
(%w/w) (R)

Perlite
(%w/w) (P)

Carbon ﬁber
(%v/v) (CF)

100
100
90
90
80
70
60

0
0
10
10
20
30
40

0
7.5
7.5
0
0
0
0

Figure 3: SEM image focused on the breaking surface of the
specimen with carbon ﬁbers and perlite (R-P10-CF7.5) at
magniﬁcation 1000x.

or resite, after the resol curing.

Figure 4: SEM image of carbon ﬁbers (R-CF7.5) focused on the
breaking surface where the carbon ﬁbers are distinguishable.

Figure 2: SEM image of specimen with carbon ﬁbers and perlite
(R-P10-CF7.5) at magniﬁcation 400x.

homogeneous. Also, from Figures 3 and 4 which are focused
on a region where the carbon ﬁbers are visible, the parallel
arrangement of the ﬁbers in the composite specimen and
the homogeneous coating of the ﬁbers from the matrix resite
can be observed.
Table 2 shows the results of elemental analysis SEM-EDS
of the composite materials. The analysis focused at the rupture area of the composite material (Figure 3), in order to
determine the role of the perlite and its dispersion percentage
due to the additional interfaces that were created. It is also
clear that the structure of the raw materials remains unaffected with regard to each other. Figure 2, which focuses on
the surface of the composite material, shows silicon and aluminum which are the main components of perlite whereas in

Figure 3, which shows the rupture surface of the composite
material, the carbon ﬁbers dominate and the presence of silicon is limited (small Si and no Al).
Figures 5 and 6 show the bending strength and shear
strength of the following materials: resite (R), resite with
perlite (R-P10), resite with carbon ﬁbers (R-CF7.5), and
resite with carbon ﬁbers and perlite (R-P10-CF7.5). From
Figure 3, it is evident that due to the addition of perlite
10%w/w in the resite matrix (R-P10), the bending strength
increases by 434% (approx. 5 times).
In the case of composite materials containing carbon
ﬁbers, the perlite (R-P10-CF7.5) reduces the ﬂexural strength
by 7% relative to that of composites without perlite (R-CF7.5).
Accordingly, Figure 4 shows that shear strength is increased
by 52% (approximately 2 times) for the specimen containing
perlite 10%w/w (R-P10) relative to the resite (R) specimen.
In the case of composite materials with carbon ﬁbers and perlite (R-P10-CF7.5), the shear strength is reduced by 38%.
Consequently, perlite constitutes a material that enhances
the matrix, while the ﬁbers enhance the composite to a greater
extent than the granular material. Simultaneous involvement
of the perlite in ﬁber-reinforced composite leads to additional
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Table 2: Elemental analysis of SEM-EDS for specimens of resite with carbon ﬁbers and perlite (R-P10-CF7.5) and resite with carbon ﬁbers
(R-CF7.5).
Material

Figure
2
3
4

O

Na

Al

%at

%wt

%at

%wt

%at

%wt

%at

%wt

%at

69.60
73.18
78.25

79.33
84.28
85.00

21.29
17.00
18.10

18.21
14.70
14.76

0.38
—
—

0.22
—
—

0.55
—
—

0.28
—
—

3.33
0.79
—

1.62
0.39
—

4.87
9.02
3.65

0.34
0.63
0.24

4

120.00

3.5

100.00

3
115.12

80.00

106.74

60.00

20.00

Au

%wt

140.00

81.48

40.00

Si

%at

ΔG/G0 (%)
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Figure 5: Bending strength of resite (R) and composite
materials of resite-perlite (R-P10), resite-carbon ﬁbers (R-CF7.5),
and resite-perlite-carbon ﬁbers (R-P10-CF7.5). Variation of
values ± 7%.
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interfaces which contribute to the reduction of the mechanical properties of the material. The mechanical properties
show that this material can be used for restraint of the structural system of a building as reinforcement.
Figures 7 and 8 display the percentage of weight losses of
various materials relative to the corresponding matrix material of the composite materials for their heat treatment at
473 K versus time. As shown in Figure 5, commercial perlite,
as well as perlite with a particle size < 3 · 10−4 m, shows a
minimum weight loss (~1%) up to 1 hour, possibly due to
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Figure 8: Thermal behavior at 473 K for 5 h of materials: resite,
carbon ﬁber, and composite material R-P10-CF7.5.

moisture content. The composite material resite-perlite in a
proportion of 60-40 wt has a similar behavior to commercial
perlite. By reducing the percentage of perlite and at the same
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Figure 9: Weight loss of the composite material of peroxide with
additional perlite at various rates, at 200° C, as a function of the
content of the resite.

time increasing the rate of resol, weight loss is slightly
increased to 3.5%. Given that the weight loss of the resite
matrix, based on Figure 6, is 8.3% for 5-hour heating at
473 K, the expected weight loss of the matrix of the composite
materials of Figure 5 is calculated: 4.9% (R60-P40), 5.8%
(R70-P30), 6.6% (R80-P20), and 7.4% (R90-P10). The significantly lower weight loss values based on Figure 7 relative to
the previous expected values indicate the stabilizing role that
perlite performs for the retention of mass of the resite matrix
during the heat treatment.
Based on Figure 8, the least weight loss occurs in carbon
ﬁbers, while the largest is found in the resite matrix. Concerning the composite materials that contain carbon ﬁbers,
those that contain perlite clearly show a lower weight loss,
which conﬁrms the stabilizing role of perlite, which means
it safeguards the structural system of a building against high
temperatures. Figure 9 shows the weight loss of the composite material with additional perlite at various percentages, as a
function of the resite content for heat treatment at 473 K for
up to 5 hours. It has been found that for low percentage wt of
resite (60%w/w), the time parameter (t = 1 − 5 h) practically
does not aﬀect the weight loss of the material. By increasing
the percentage of the resite, the time parameter progressively
aﬀects the weight loss of the material, and the eﬀect of time is
maximized for 100%wt of resite.
The experimental points were adapted to the exponential
function: y = A∗ exp R0 ∗ x with R2 = 0 9.
Table 3 presents the results of the coeﬃcient of thermal
conductivity, λ, for composite material of phenolic resin–
(resite–) carbon ﬁbers–perlite and the values of λ for various
thermoset polymers as building materials in general and
more speciﬁcally as heat-insulating materials [15].
The value of the thermal conductivity coeﬃcient of the
composite material (R-CF7.5-P10) is 4.5 to 1.5 times lower
than the thermosetting polymeric materials, while it is 4.5
to 3.2 times higher than the typical foamed heat-insulating

polymeric materials. Therefore, the speciﬁc composite material is located approximately in the middle between the two
categories of materials on the basis of the value of λ. The
values of the coeﬃcient of thermal conductivity (λ, W/mK)
of the individual components of the composite material are
the following [17]: phenolic resin (phenolic cast resins) λ =
0 15, carbon of simulated graphite structure λ = 1 7, carbon
ﬁbers PAN (Cytec Thonel, T300) λ = 8, and perlite λ =
0 031. Applying the rule of mixtures (w/w), the λ value of
the composite material (R-CF7.5-P10) takes the value λ =
1 69 (assuming λίνες = 1 7) and λ = 7 4 (assuming λίνες = 8).
These values (λ > 1) are within the lower limit of the range
of thermal conductive materials. By comparing these
values, as expected by the rule of mixtures, the experimentally determined value of the composite material (λ = 0 16)
shows a signiﬁcant deviation. In particular, the much lower
experimental value of λ shows that the composite material,
in terms of thermal conductivity, behaves as a new material with respect to its individual components and even
by 10.6 or 46.2 times lower in the direction of the
heat-insulating materials.
Nowadays, one must apply two individual processes with
independent and separately procured materials in order to
secure the thermal protection and the reinforcement of a
building envelope, respectively, adding in this way some
additional load to the building. Here, a new material is
shown, namely, one which can concurrently have both properties, i.e., both high strength and resistance to thermal loads,
and thus, it can serve both purposes at the same time.

3. Conclusions
(i) The replacement of a quantity in the resite matrix
with perlite (10%w/w) leads to a lower density of
the composite material (R90-P10) since the density
of perlite is about 10 times lower than that of resite
(ii) The SEM images and the SEM-EDS elemental analysis of the specimen R-P10-CF7.5 show the presence of perlite on the surface, while at the rupture
surface of the composite material, carbon ﬁbers
dominate, and the presence of silicon is limited
(iii) The addition of 10%wt of perlite (R-P10) increases
the strength of the material in bending and shearing.
In the case of composite material that is ﬁber reinforced, it is found that the perlite involvement
reduces the bending and shear strength due to the
additional interfaces created in the composite material mass. Perlite is enhancing the matrix, while the
ﬁbers enhance much more than the granular material (perlite)
(iv) Regarding the heat treatment of materials at 473 K,
carbon ﬁbers have the smallest weight loss, while
perlite suﬀers less weight loss, closely followed by
the composite, with a proportion of 60-40 wt, with
a value of 1% for 5 hours. The resite matrix
exhibits the greatest weight loss of all materials
at 8.3% for 5 hours. In ﬁber-reinforced composite
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Table 3: Coeﬃcient of thermal conductivity of composite material of phenolic resin– (resite–) carbon ﬁbers–perlite in comparison with other
organic thermal-insulating materials.
Polymeric matrix
Resol (R)∗1
Polyurethane (PU) (%w/w)

Material
R-CF7.5-P10

90

Additive
Perlite (%w/w) (P)

Carbon ﬁbers (%w/w) (CF)

10

10 (ή 7 5%v/v)

Coeﬃcient of thermal
conductivity λ (W/mK)
0.16

Cured phenolic resin

100

0

0

Typ 31∗2
Τyp 13.5∗2

PU

100

0

0

Solid
Foam

100

0

0

DOW

Extruded polystyrene
∗1

0.31 [14]
0.72 [14]
0.25 [15]
0.05 [15]
0.035 [16]∗3

∗2

or resite, after resol curing. formation groups of phenol-formaldehyde resins with additives. Group I: types for general application (type 31: wood-ﬂour)
and group IV: types with increased electrical properties (type 13.5: with mica, i.e., phyllosilicate mineral) [17]. ∗3 foamed extruded polystyrene as a material with
uniform small and closed cells.

materials, the smallest weight loss can be found in
the one containing perlite, which conﬁrms the stabilizing role of the substance. The graph of the
weight loss of the composite material with perlite
(no carbon ﬁbers), as a function of the content of
the resite, follows an exponential function, where
for a low percentage %wt (60%w/w), the time
parameter (t = 1 − 5 h) does not practically aﬀect
the weight loss of the material. Composite material
(R-CF7.5-P10) is a heat-resistant material (weight
loss 2% for 5 hours at 473 K)
(v) From the coeﬃcient of thermal conductivity of
the composite material (R-CF7.5-P10), it was
found that, on the one hand, it is located approximately at the middle between the two categories
of materials (thermoset and typically foamed
heat-insulating polymeric materials). Base on the λ
value (thermal conductivity coeﬃcient) the material
behaves as a new material compared to its individual components and even lowers in the direction
of heat-insulating materials
(vi) For these composites, modifying the proportions of
their components and the technique to create a
foam matrix, the thermal conductivity coeﬃcient
is expected to be further reduced as a typical
heat-insulating material
(vii) Such materials can help in the stability of the modern cultural buildings due to their mechanical properties; and their heat resistance properties safeguard
the structural system of the buildings against high
temperatures providing adequate thermal insulation. As such, composite materials can play a vital
role in keeping the legacy alive both as a reminder
of the past as well as a live and constitutive part of
our modern world
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The eﬀect of microstructure on macroproperties of building materials was the initiation in order to use microscopic techniques for
studying the materials’ behavior. Primer role among the diﬀerent techniques has the scanning electron microscope (SEM) as it
provides much information in an easy and understandable way. SEM has been used in almost every study of the last decades,
dealing with historic and repair materials to complete the analysis performed. In the case of historic mortars, it is a unique
technique as it requires a small representative sample and without any intense treatment important information derived from an
almost unknown sample including damage detection, phase identiﬁcation, and microanalysis. It is usually a complementary
method of analysis but a precious one as the gained results from the analysis of old mortars are used for designing compatible
repair materials for restoration purposes. In the paper, the long-term use of SEM in studying both old authentic and innovative
repair mortars is presented.

1. Introduction
Microscopic analysis of material’s structure is valuable for
many applications, such as the material’s development and
improvement, quality control, reverse engineering, and
evaluation of performance [1]. The complexity of materials’
microstructure makes the constitution of a realistic model
very diﬃcult for the prediction of their behavior [2]. For that
reason, microscopy techniques for the investigation of
materials have been used since the decade of 40’s [3]. The
analysis and understanding of microstructure have played a
vital role in understanding the old and in planning repair
materials in a compatible and durable way. The term microscopy is referring to the techniques that the samples can be
viewed at an appropriate scale for examination. In scanning
electron microscopy (SEM), the image is formed by electronic processing of the wave nature. It is considered, among
the most used, fast and accurate method of analysis for the
examination of building materials, which are used for
construction purposes. SEM has been extensively used for
the material characterization, especially in combination with

energy dispersive X-ray microanalysis (SEM/EDS) [4]. This
technique covers a wide range of magniﬁcation, roughly from
10x to 300,000x. The electron beam scans the specimen’s
surface, forming the image with an appropriate scale. The
most important advantages are the ease of magniﬁcation
change and the large depth of focus. When scanning a specimen’s surface with a ﬁnely focused electron beam, secondary
electrons, backscattered electrons, and X-rays are emitted,
carrying information about the sample. The image displayed
is dependent on the acquisition and processing of signals,
produced from the interaction of the electron beam with
the specimen. These interactions can be broken down into
two major categories, those resulting in elastic collisions of
the electron beam on the sample and those resulting in
inelastic collisions, where kinetic energy is not conserved
throughout the encounter. The most widely utilized signal
produced by the interaction of the primary electron beam
with the sample is the secondary electron emission signal.
Secondary electrons are characterized from other electrons
by having energy less than 50 eV. This image is the most
useful for examining surface structure and provides the
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best resolution image among the various scanning signals.
Depending on the initial size of the primary beam and
various other conditions (composition of sample, accelerating voltage, and position of specimen relative to the detector),
a secondary electron signal can resolve surface structures
down to the order of 10 nm. The topographical image is
dependent on how many of the secondary electrons actually
reach the detector.
A second type of electrons, the backscattered electrons, is
also produced when the specimen is irradiated with the primary electron beam. Together, backscattered and secondary
electrons contribute to the signal that reaches the scintillator
and form what we refer to as the secondary electron image. A
backscatter electron is deﬁned as one which has undergone a
single or multiple scattering events and escapes with an
energy greater than 50 eV. Backscattered electrons are produced as the result of elastic collisions with the atoms of the
sample and usually retain about 80% of their original energy.
The number of backscattered electrons produced increases
with increasing atomic number of the specimen. The region
of the specimen from which backscattered electrons are
produced is considerably larger than that for secondary
electrons, and the resolution of a backscattered electron
image is considerably less (1 μm) than that for a secondary
electron image (10 nm). Because of their greater energy,
backscattered electrons can escape from much deeper regions
of the sample than can secondary electrons, hence the larger
region of excitation. The formation of the images depends
upon the acquisition time selected and varies from a few to
several minutes.
Another class of signals produced by the interaction of
the primary electron beam with the specimen comes under
the category of characteristic X-rays. When an electron from
an inner atomic shell is displaced by colliding with a primary
electron, it leaves a vacancy in that electron shell. In order to
reestablish the proper balance in its orbitals following an
ionization event, an electron from an outer shell of the atom
may “fall” into the inner shell and replace the “hole” vacated
by the displaced electron. In doing so, this falling electron
loses energy and this energy is emitted and referred to
as X-radiation or X-rays. The SEM can be set up in such
a way that the characteristic X-rays of a given element are
detected with an energy dispersive X-ray spectrometer
(EDS). By analyzing the characteristic X-rays generated,
the elements that constitute the specimen can be identiﬁed
and this creates the qualitative and quantitative elemental
analysis of the surface detected. Additionally, their position
can be recorded or “mapped.” These X-ray maps can be
used to form an image of the sample that shows where
atoms of a given element are localized. The resolution of
these X-ray maps is on the order of greater than 1 μm.
In this way, speciﬁc desired characteristics of a specimen’s
surface can be seen on the monitor in a magniﬁed scale.
Scanning electron microscopy requires electrically conductive specimens. Insulating specimens need to be covered
by a thin (1–10 nm) conducting surface layer, usually applied
by sputtering with gold in an argon atmosphere, or with
carbon coating in vacuum. Sample size can be a maximum
of 10 cm in diameter and 50 mm in height, but there is a
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restriction in the specimen’s movement, so the area of
interest should be about 2.5 cm in diameter around the
center of the goniometer stage. Restrictions also apply
regarding the maximum height, tilt, and rotation, depending
on the speciﬁc stage.
The above characteristics make SEM with X-ray microanalysis very eﬀective in morphology investigation, as easily
produced micrographs provide topographical information
together with the qualitative and quantitative analysis, evaluating the characteristics of the materials. The SEM used for
this study is a JSM 840 A, assisted by OXFORD INCA EDS
analysis and applied both on old historic mortars in order
to understand their nature as well as on repair mortars in
order to record the achieved properties.

2. Study of Old Mortars
The abovementioned characteristics of the SEM can be
utilized in order to analyze the heterogeneous mortars’
structure. The study of an old mortar, taken from a
monument or historic building, is usually a “black box” as
no data can be obtained from any source (except the rare
cases where information can be taken from archaeological
work). Approaching the physical, mechanical, chemical,
and mineralogical properties of old mortar, aiming to
decode its behavior into the structure, requires combined
techniques (usually costly, time-consuming, and needing a
signiﬁcant quantity of material) [5, 6]. To understand the
components and their proportion into the mortar mixture
is a key factor in order to understand the behavior of old
mortars [7]. From the analysis performed so far, it has been
proved that they were based on lime, and when it was
necessary, binders were combined [8]. The use of natural
pozzolan and brick dust with lime was a common technique,
in cases where special needs were covered, such as high
strength and water tightness [9]. The microstructure analysis
of old mortars reveals the diﬀerent behaviors of pure lime
and pozzolanic mortars. From Figure 1(a), the loose cohesion
of calcite plates is recorded in pure lime mortar taken from
Bezesteni (15th century). Also, pores and open spaces are
present in the structure. In the pozzolanic mortar from Hagia
Sophia in Thessaloniki (6th century AD), a compact structure with very small pores and ﬁbrous crystals of C-S-H composition is recorded (Figure 1(b)). The role of binders in old
mortars is of paramount importance for the quality and
durability of the mortar [10, 11]. An important parameter
of the quality of old mortars is the size, chemical composition, and how the crystals of the binder are bounded together.
A stable connective ﬁne-crystallized tissue is created that
contributes to coherent binder. The technique has also been
used by researchers and archaeologists, investigating the production technology of old mortars and the socioeconomic
aspect of the provenance of their raw material, as in the case
of prehistoric mortars in Cyprus. These provide strong
evidence of early intentional use of artiﬁcial pozzolanic
materials in lime mortars, which can also signiﬁcantly contribute to the comprehension of the pathway of knowledge
transfer to other civilizations [12].
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(a)

(b)

Figure 1: Lime mortar from Bezesteni (a) with calcite plates and pozzolanic mortar from Hagia Sophia (Thessaloniki) (b) with ﬁbrous crystals
of C-S-H composition.

Dense contact
zone

(a)

(b)

Figure 2: Contact of pozzolanic paste with natural aggregate (a) and strong cohesion between a brick fragment and a pozzolanic binder from
Galerious Palace (4th century AD) (b).

The aggregates used in old mortars were usually natural
in origin, while crushed ceramic or limestone pebbles in
various granulometries with even distribution were also used
in some cases [13, 14]. The binder-aggregate transition zone
was recorded strong in some cases where brick aggregates
were recorded in combination with pozzolanic binder while
in cases of natural aggregates, a loose mechanical bond was
recorded (Figure 2). The proportion of aggregates in relation
to the binder, the maximum size used, and their gradation
seem to directly aﬀect the volume stability and the form of
discontinuities such as pores and cracks [15]. In order to
assess the role of the aggregate type in the properties of air
lime mortar, scholars have used microanalysis to record
diﬀerences at the binder/aggregate interface [16].
Because of long exposure, old mortars develop diﬀerent
pathology symptoms such as cracks, crumbling, and erosion
[17]. To study the ageing of various materials as they degrade
with time, it is important to analyze the microstructure
changes supplemented with measurement of the area of
damages in the form of microvoids [18]. SEM micrographs
reveal loose microstructures in damaged materials and
uniform and dense microstructures in durable materials.
Damage in porous materials due to salts is a common phenomenon and occurs to old and new repair materials
(Figure 3). There are various forms of salt decay, such as
cracks, scaling, eﬄorescence, crypto-ﬂorescence, pulverization, and material loss [19]. Old mortars present an

admirable durability and longevity, despite the fact that they
were subjected to many wetting-drying cycles and to extreme
conditions. According to studies, the crystallization of salts
takes place when salts exert internal pressures, which exceed
the strength of the material [20]. The size of the salt crystals
seems to be correlated to the porous nature of the mortar
paste. In porous lime mortars, crystals are formed into the
spacious paste and pores and cracks remain empty. On the
contrary, in hydraulic mortars, where the paste is dense, salt
crystals may be also formed in small cracks [21]. On the basis
of the damage mechanisms encountered in mortars, in cases
where swelling of mortars is observed due to the mechanism
of thaumasite formation, SEM has proved indicative [22].
The presence of this salt was documented, and the team
proposed measures to avoid it.
SEM is also used for the study of porosity since it
has high resolution limit allowing a wide range of pore
sizes to be recorded and the geometry can exactly be
described (Figure 4).
By measuring, the area of voids from micrographs taken
from historical mortars, qualitative and quantitative results
of the damaged area, and the materials used can be estimated.
Also, the porosity inﬂuences the macroscopic properties of
the mortars and it is strongly correlated with the material’s
decay process. The uniform pore distribution recorded in
old mortars allows some ﬂow of water inside the structure
without being held there. The porosity that characterizes

4

Scanning

Salts

Ca

(cps)

15

10
S
Al

5
Si
Na

0
0

5

(a)

10

15

20

(b)

Figure 3: (a) Salt crystals in the structure of hydraulic mortars. (b) X-ray analysis on the crystals of (a).
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Figure 4: (a) Pores of diameter 50–250 μm in the binder (SEM ×50). (b) Micropores of 700–1300 nm between crystal units (SEM ×4,000).

old mortars (20–40%) is mainly due to micropores of
0.1–1 μm [23]. Cracks have also been observed usually
in the binder-aggregate transition zone, as a consequence of
the poor cooperation between the two phases or within the
binder due to shrinkage phenomena. The coexistence of
pores and cracks, which is the most common case, makes
the structure vulnerable, especially when cracks join the
pores, forming “interconnecting phases” within the structure.
This is more critical when these openings have access to the
surface, consisting of paths through which deteriorating
agents penetrate and settle inside the material’s structure.
The geometric characteristics, the position, the way of communication, and the crack orientation are factors aﬀecting
the strength. Pores may be isolated or ﬁlled with secondary
crystals (salts, calcite). Large pores are limited to wellcompacted mortars.
The microscopic study of ancient mortars reveals that
apart from the main ingredients, binders and aggregates,
there are other materials as well, in small percentages in the
mass, such as shells, charcoal particles, lime lumps, chips of
wood, or straw (Figure 5). These enclosures are met in structural mortars as well as in renders, and they are observed in
diﬀerent historical periods (from the mud mortars of archaic
period to strong pozzolanic mortars of Roman and Byzantine
era and even in the mortars of 19th century or precement
period) [24]. Their role in the behavior of ancient mortars, as well as their origin, is not always clear, but their

Charcoal

Figure 5: SEM analysis in charcoal of a Roman mortar from
Galerius Palace (4th century AD).

morphologic characteristics (shape, size, and distribution),
their percentage (not more than 2 wt %), and their cohesion
with the binder (usually strong) give useful information
about the older technology of building construction.
SEM and EDS analysis of mortars indicated the presence
of organic ﬁbers and calcite, quartz, and muscovite minerals
of Ottoman mortars [25]. This research team identiﬁed
the hydration-dehydration products by the morphological
examination and microanalysis and the moderately uniform
distribution of the porosity observed, which was attributed to
the homogeneous distribution of the hydration products.
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Secondary recrystallization phases are often observed in
the structure of ancient lime-based mortars. They are mainly
situated in previously formed cracks, in spherical pores, and
in the loose transition zone (Figure 6). The composition of
these phases depends mainly on the type of binders used
and the hydrothermal conditions to which the mortar was
subjected during its service life. The secondary crystals
reduce the porosity, as they fully or partly cover pores and
cracks [26].
SEM analysis performed in historic mortars reveals that
the most durable mortars combine natural and brick aggregates with smooth granulometry, in the presence of few
coarse grains and low proportion of ﬁne aggregates in combination with strong binders. In the old mortars, the high
proportion of aggregates is not always a quality criterion.
Application of diﬀerent aggregate/binder ratios, depending
on the location of the mortar in the structure, the type of
binder, and the construction environment, as applied by the
old craftsmen, seems to have had many positive results
in durability and quality of mortars. The combination of
higher-quality lime with reactive natural pozzolan formed
a strong binding system consisting of micrograined wellconnected crystals.

3. Study of Repair Mortars
In order to design new repair mortars, many parameters are
taken into account, such as the properties of old mortars, the
use of proper available materials, the structure itself, and its
environment [27]. Principles of compatibility have to be in
equilibrium with durability aspects in terms of eﬃcient and
economic restoration, which will protect the old structure
without causing side eﬀects of any kind. In order to design
new mortars for restoration applications, the understanding
of the function of the old, authentic mortars is prerequisite
[8, 28]. The information gained by the microstructure
analysis is exploited, in order to achieve similar function in
terms of water restrain, porosity, and strength. Producing
and testing new mortars in laboratory scale is a necessary
step, in order to give guidelines to the ﬁeld but also in order
to test the availability in the market materials. The microstructure analysis of repair mortars is performed mainly for
research reasons and rarely as a routine work. It is a safe
way, though, to record the performance of the tested materials in a microscale. The utilization of SEM for characterization of raw materials used in mortars in order to improve
certain properties, such as hydrophobicity, thermal properties, strength, and durability, is usually the ﬁrst step towards
their characterization [29, 30]. This is of a special value when
researching new materials and products which are incorporated in mortar structure (Figure 7). The pros and cons can
be recorded in relation to the amount, the curing regime,
and the combination of the added materials.
The energy dispersive X-ray line scanning performed
across the contact zone between diﬀerent materials is also a
powerful tool explaining the material’s behavior in terms of
strength and porosity (Figure 8).
Modern approaches in order to produce “smart” mortars
which retain their traditional character but exploit new
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Figure 6: Detail of the recrystallization in the transition zone.

technologies for improving inherent weaknesses are of great
interest in the last decades. Nanotechnology, for example,
gave important products which have been successfully
introduced in many traditional applications and improved
mortar performance [31, 32]. The type and percentage of
nanoparticles have been studied in detail by SEM, and valuable information have been revealed. For example, a high
amount of nanoparticles (>5 wt % of binder) was decided
that it had to be avoided in traditional systems, as SEM
revealed cracking tendency and bad cohesion to the binder
(Figure 9(a)). On the other hand, eﬀorts to apply coatings
in order to render mortars water-repellant can be recorded
and assist towards the decision on how successful the intervention was, in terms of microstructure, or even better, the
technique, assist in understanding the reason of failure, when
that was the case (Figure 9(b)).
Also, the role of additives in self-healing properties can be
uniquely detected and identiﬁed and analyzed as healing
products. That means that the morphology, place of growth,
and stoichiometry of the formed products can be revealed,
and the eﬀectiveness of the healing process can be estimated
[33] (Figure 10).

4. Conclusions
The detrimental role of microstructure in the macroscopic
properties of building materials and in mortars, in particular,
is well known. To fully beneﬁt from microstructure control, it
is important to properly apply the full range of available
microscopic techniques. Microscopes have been proven
valuable tools to researchers, in order to detect damages,
identify phases, and develop improved materials used in the
construction ﬁeld. A number of analytical techniques are
needed to be combined for the complete characterization of
historic mortar; scanning electron microscopy highlights
the diversity of microstructures through direct observation
and microanalysis as well. The possibility of penetration into
the structure having a direct observation in the scale of μm or
nm permits the detection of inherent defects, as well as
ageing or deterioration eﬀects, which inﬂuence the material’s
behavior. The pieces of information taken contribute to
mortar quality estimation, by quantifying the mass density,
topography of pores and cracks, distribution of aggregates,
and additions in the binder and density of binder-aggregate
interfaces. The ability of penetrating deeper and having a
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Figure 9: (a) Excess of nanoparticles in pastes forming cracking tendency. (b) Water-repellant layer on mortar which has been cracked.

direct observation of the structure, in the scale of micro or
nano, allows detection of inherent defects, as well as ageing
or deterioration eﬀects, which determine the material’s
macroscopic behavior. SEM is an irreplaceable tool in order
to understand the structure of mortars, both through image

observation and also through the provided analysis. The
study of building materials has beneﬁted greatly from SEM
and that in an extent explains the long-lasting use of it in
material research and the need to further evolve the technique. The understanding of old mortars and the evolution
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Figure 10: Self-healing approach by the formation of secondary products in pores and cracks of mortars.

of building materials, in order to cover diﬀerent construction
needs, was in a signiﬁcant extent based on it. In this
way, compatibility with the authentic structures could be
achieved, but also new technologies could be tested, in order
to assist towards mortar’s durability. The latter seems crucial
in order to produce innovative traditional mortars, preserving the principles of compatibility with increased durability.
Through SEM possibilities, the reveal of ancient mortars
was possible and the puzzle of missing information, explaining the behavior of the materials, was enlightened. Working
directly on images and at the same time having quantitative
data on the composition were a revolutionary practice that
was widely applied for producing high-quality mortars that
can be safely used for repair works and also plan the future
for high-performance materials.
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