
Citation: Palomar, T.; Martínez-

Weinbaum, M.; Aparicio, M.;

Maestro-Guijarro, L.; Castillejo, M.;

Oujja, M. Spectroscopic and

Microscopic Characterization of

Flashed Glasses from Stained Glass

Windows. Appl. Sci. 2022, 12, 5760.

https://doi.org/10.3390/

app12115760

Academic Editor: Asterios Bakolas

Received: 19 May 2022

Accepted: 1 June 2022

Published: 6 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Spectroscopic and Microscopic Characterization of Flashed
Glasses from Stained Glass Windows
Teresa Palomar 1,* , Marina Martínez-Weinbaum 2 , Mario Aparicio 1 , Laura Maestro-Guijarro 2 ,
Marta Castillejo 2 and Mohamed Oujja 2,*

1 Instituto de Cerámica y Vidrio (ICV), CSIC, 28049 Madrid, Spain; maparicio@icv.csic.es
2 Instituto de Quimica Fisica Rocasolano (IQFR), CSIC, 28006 Madrid, Spain;

mgmartinez@iqfr.csic.es (M.M.-W.); lmaestro@iqfr.csic.es (L.M.-G.); marta.castillejo@iqfr.csic.es (M.C.)
* Correspondence: t.palomar@csic.es (T.P.); m.oujja@iqfr.csic.es (M.O.)

Abstract: Flashed glasses are composed of a base glass and a thin colored layer and have been used
since medieval times in stained glass windows. Their study can be challenging because of their
complex composition and multilayer structure. In the present work, a set of optical and spectroscopic
techniques have been used for the characterization of a representative set of flashed glasses commonly
used in the manufacture of stained glass windows. The structural and chemical composition of the
pieces were investigated by optical microscopy, field emission scanning electron microscopy-energy
dispersive X-ray spectrometry (FESEM-EDS), UV-Vis-IR spectroscopy, laser-induced breakdown
spectroscopy (LIBS), and laser-induced fluorescence (LIF). Optical microscopy and FESEM-EDS
allowed the determination of the thicknesses of the colored layers, while LIBS, EDS, UV-Vis-IR,
and LIF spectroscopies served for elemental, molecular, and chromophores characterization of the
base glasses and colored layers. Results obtained using the micro-invasive LIBS technique were
compared with those retrieved by the cross-sectional technique FESEM-EDS, which requires sample
taking, and showed significant consistency and agreement. In addition, LIBS results revealed the
presence of additional elements in the composition of flashed glasses that could not be detected by
FESEM-EDS. The combination of UV-Vis-IR and LIF results allowed precise chemical identification of
chromophores responsible for the flashed glass coloration.

Keywords: flashed glass; multianalytical characterization; chemical composition; chromophores;
laser-induced breakdown spectroscopy; thickness measurements

1. Introduction

Flashed glasses are constituted by two layers of different thicknesses; a thick one of
clear or light glass, and a thin colored layer applied on top of the first one. The production
of flashed glasses usually involves dipping a colorless base glass into a colored bath,
producing a multi-layered glass pane in which the thickness of the colored layers controls
the color tone [1]. By sandblasting or etching the flashed (thinner, brighter) layer, a striking
two-tone effect can be achieved [2].

Flashed glasses have been used since medieval times in stained glass windows, espe-
cially for obtaining those of ruby-red color. The procedure to obtain this type of flashed
glass is very complex as it involves the nucleation of copper nanoparticles of a suitable size
in the glass matrix. If the nanoparticles are too small, light could pass through the material
without interaction, while if they are too large, the glass would appear dark brown or
black [3,4]. Additionally, the thickness of the colored glass layer also affects the color hue,
being more intense when the glass is thicker [1]. This complexity, added to the expensive
raw materials, has favored the development of these two-layer glasses, with the suitable
color and the appropriate thickness to be installed in stained glass windows.

Although red-flashed glass is the most common [5–10], other colors have also been
used in historical stained glass windows, including pink-purple [7,11,12], green [1,7], or
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blue [7]. Nowadays, flashed glasses are elaborated in almost all chromatic palettes and are
commonly used for the creation and restoration of historical stained glass windows.

The characterization of glasses from stained glass windows has quickly improved
in the last years. Laboratory-based techniques, such as field emission scanning electron
microscopy/energy-dispersive X-ray spectroscopy (FESEM-EDS) and X-ray fluorescence
spectrometry (XRF), are usually destructive, as sampling is usually necessary [13–16]. On
the other hand, portable XRF instruments are becoming more and more available for in
situ measurements. This technique allows one to distinguish different glass types within
the same panel, identifying chromophores, enamels, grisailles, and other decoration layers;
however, it is also sensible for unpolished and weathered glass surfaces because the analysis
can only be undertaken very near to the glass surface due to low penetration. Therefore, the
real bulk glass composition cannot be properly determined. Additionally, low Z elements,
such as magnesium and sodium, elements normally used for glass type differentiation, are
not detected by XRF. Another analytical technique frequently used for the study of stained
glass windows is UV-Vis-IR spectroscopy, which working in transmission or absorption
modes allows us to identify the glass chromophores [5,17,18]. UV-Vis-IR spectroscopy is a
point analysis technique, and recent developments in in situ visible hyperspectral imaging
offer alternatives for the overall analysis of whole glass windows in a few hours using
sunlight as the illumination source [19].

Nowadays, valuable glass objects benefit from the availability of non-invasive or
micro-invasive techniques, which allow distinguishing different glass types within the
same glass panel and identifying chromophores, enamels, grisailles, and other decora-
tion layers [20–23]. Laser spectroscopic techniques, such as laser-induced breakdown
spectroscopy (LIBS) and laser-induced fluorescence (LIF), have been combined in several
studies to provide complementary elemental and molecular composition in a non- or micro-
invasive way [24–32]. LIBS is a micro-invasive technique based on the spectral analysis of
the luminous plume generated by the pulsed laser ablation of a small amount of material
from the surface of the sample and has the capacity for quantitative determination. LIBS
has been shown to be an effective technique for the characterization of glasses from a wide
variety of perspectives [30,33–39]. Previous works, using LIBS, have focused on finding
the optimal parameters for the analysis of model soda-lime silicate [33] and historical lead
silicate glasses [34], on the characterization of chromophores and opacifiers of ancient
glasses, and on characterizing degradation pathologies [35,37,39,40]. From a complemen-
tary perspective, LIF spectroscopy provides valuable molecular information and facilitates
the detection of trace elements and/or chromophores responsible for the glass coloration
in a totally non-invasive way [30,41–44].

In this work, we present a multianalytical approach based on optical microscopy (OM)
and FESEM-EDS for thickness determination of a multi-layered set of modern flashed
glasses commonly used in stained glass windows. Besides, FESEM-EDS, LIBS, UV-Vis-IR
spectroscopy, and LIF techniques served for their chemical characterization. FESEM-EDS
and LIBS allowed the identification of most chemical elements present in both the base
glasses and in their corresponding-colored layers, while UV-Vis-IR and LIF spectroscopies
served for glass chromophore characterization.

2. Materials and Methods

The study was conducted in a set of 11 flashed glasses, provided by LambertsGlas®,
consisting of a colorless base glass covered by layers of different colors and thicknesses
(Figure 1).

The samples were compositionally and structurally characterized by OM, FESEM-EDS,
UV-Vis-IR spectroscopy, LIBS, and LIF.

OM observations were carried out with a reflected light microscope Nikon SMZ1000
coupled to an Axiocam 105 color controlled with the software Zen2012 (blue edition)
from Carl Zeiss Microscopy GmbH, 2011. Cross-section examinations and chemical linear
analyses were performed by a field emission scanning electron microscope HITACHI S-
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4700. For elemental chemical linear analysis by EDS, a NORAN system six was connected
to the FESEM.

Figure 1. Images of the flashed glasses considered in the present study.

Transmission spectra of original glasses were recorded with a Perkin Elmer Lambda
950 UV-Vis-IR spectrophotometer. The illumination was provided by a tungsten-halogen
and deuterium light source in a double optical path covering the 200–2500 nm range with a
resolution of 10 nm.

LIBS analyses were performed upon laser excitation at 266 nm (4th harmonic of a Q-
switched Nd:YAG laser, 15 ns pulses, 1 Hz repetition rate) and a 0.2 m spectrograph (Andor,
Shamrock Kymera-193i-A) equipped with a grating of 1200 grooves/mm, blazed at 500 nm.
The output of the spectrograph was coupled to an intensified charge-coupled device (ICCD)
camera from Andor Technology, Belfast, Ireland (iStar CCD 334, 1024 × 1024 active pixels,
13 µm × 13 µm pixel size). The laser beam was steered to the surface of the samples at an
angle of 45◦ by using different mirrors. A cut-off filter of 300 nm was placed at the entrance
of the spectrograph to reduce the scattered laser light and avoid second-order diffraction.
The shot-to-shot fluctuation of laser pulse energy was less than 10%. The laser beam was
focused on the surface of the sample with a 10 cm focal length lens achieving a fluence of
8.3 J cm−2 (2.6 mJ per pulse in a 200 µm laser spot diameter). The spectra were recorded
at 50 nm intervals in the 230–300 nm wavelength range and step and glue spectrograph
mode in the range of 300–600 nm with 0.2 nm resolution and with a gate delay and width
of 200 ns and 3 µs, respectively, with respect to the arrival of the laser pulse to the sample
surface. The spectra resulted from summing up the emissions of the ablation products after
ten successive laser pulses, a number that provided good signal-to-noise ratios.

For the LIF measurements, we used the same laser source as for LIBS analysis and a
0.30 m spectrograph (TMc300 Bentham) blazed at 500 nm with a 300 grooves/mm grating
coupled to an ICCD, 2151 Andor Technology device, Belfast, Ireland. In this case, the time
gate was operated with a zero-time delay with respect to the arrival of the laser pulse to the
sample surface and with a width of 3 µs. The sample was illuminated at an incidence angle
of 45◦ through a pinhole, to select the central part of the unfocused laser beam, giving rise
to a spot on the sample of elliptical shape with axes dimensions between 1 and 2 mm and
with fluences of around 6 × 10−3 J/cm2. LIF spectra were recorded at 300 nm intervals in



Appl. Sci. 2022, 12, 5760 4 of 18

the wavelength range of 300–700 nm with 5 nm resolution. A cut-off filter at 300 nm was
also used for the LIBS measurements. Each spectrum resulted from the accumulation of
10 individual ones.

3. Results and Discussion
3.1. Thickness Measurements

The different colored layers on the base glasses from the considered flashed glass
samples were measured by OM and FESEM-EDS.

Analysis of the flashed glasses by OM (Figure 2 and Table 1) showed a structure
of parallel layers with a large range of thicknesses for the colored layers. Following
the Lambert–Beer law, the thicker the colored layer, the higher the intensity of the color.
Nevertheless, some of the pieces with thin layers showed dark colorations due to a high
concentration of chromophores.

Figure 2. OM images of the colored layers on the flashed glasses in cross-section. Colored layer (top)
and base glass (bottom). All the samples have the same scale.

Table 1. Thickness of the colored layers measured in the cross-section of the glasses using OM,
FESEM, and chemical linear analyses with FESEM-EDS.

Sample
Thickness (µm)

OM FESEM Linear FESEM-EDS Analyses

Pink1 137 ± 1 147 ± 1 -

Pink2 127 ± 1 - 106–206

Brown1 331 ± 2 334 ± 2 -

Brown2 351 ± 1 - 306–403

Blue1 675 ± 1 652–747

Blue2 173 ± 2 - 176–226
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Table 1. Cont.

Sample
Thickness (µm)

OM FESEM Linear FESEM-EDS Analyses

Blue3 386 ± 2 - 373–391

Black 175 ± 1 177 ± 2 -

Green1 193 ± 2 195 ± 1 -

Green2 352 ± 1 - 235–314

Green3 175 ± 1 180 ± 2 -

The pinkish and brownish glasses showed similar thicknesses; however, the bluish
and greenish ones displayed completely different thicknesses. It is also interesting to note
that the Blue1 and Green2 samples present a multilayer structure that could be related to
their fabrication processes. The Brown2 and Blue3 glasses showed a non-homogeneous
coloration in cross-section that can be related to the diffusion of the colored layer into the
base colorless glass or that the fragment was not completely perpendicular in cross-section,
inducing an optical effect of color fading.

The same set of glass pieces was inspected by FESEM-EDS and two different behaviors
were detected. Some of the pieces (Pink1, Brown1, Black, Green1, and Green3) showed
a clear surface layer that corresponds to the colored one, but the other samples behave
differently (Figure 3). The differences in the hue shown in the micrographs are related to the
dissimilar chemical composition (Section 3.2.) and not to the contribution of chromophores
in the layer, as these could not be detected by FESEM-EDS due to their low concentrations.

Figure 3. FESEM images of the colored layers in the flashed glasses in cross-section. The scale is the
same for all the images.

In the samples with a clear layer, FESEM-EDS thickness measurements were compara-
ble to those quantified by OM (Table 1); however, when this layer was not observable, the
thickness was estimated through FESEM-EDS linear analyses by determining the profile of
the chemical concentration of different elements (Figure 3). In the Pink2, Brown2, Blue2,
and Blue3 samples, it was observed that the surface layer has a higher concentration of
potassium or cobalt than the base glass; however, the thickness of the surface layer on the
Green2 sample was estimated using calcium element, which presents a lower concentration
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in the colored layer in comparison with the base glass (Figure 3). The thickness was esti-
mated as a range between the following two values: the depth at which the composition of
the colored layer loses its homogeneity and the depth when the homogeneous material of
the base glass appears. In this range, the chemical composition varies as a result of the ion
exchange produced between the two glasses during manufacturing. This measurement
method is not as accurate as that provided by OM, although the values obtained by the
two methods are in good agreement (Table 1). Green2 was the only sample in which
the thickness measurements did not match because OM revealed the presence of some
colored lines in the bottom of the colored layer that was too thin to be detected by EDS
linear analysis.

3.2. Chemical Characterization

The chemical composition of the flashed glasses was determined using FESEM-EDS,
UV-Vis-IR spectroscopy, LIBS, and LIF.

3.2.1. Field Emission Scanning Electron Microscopy/Energy-Dispersive X-ray
Spectroscopy and UV-Vis-IR Spectroscopy

The FESEM-EDS analysis of the cross-sections revealed that all the base glasses are
soda-lime silicate glasses with similar chemical compositions (Table 2). The content of
silica varied between 63 and 72 wt.%, sodium oxide between 14 and 20 wt.%, and calcium
between 9 and 14 wt.%. The base glass of the Green2 sample was slightly different, with an
extra amount of around 9 wt.% of BaO. This oxide is sometimes used in substitution of PbO
as it increases the refraction index of the glass and, therefore, its shine, and additionally
avoids unwanted devitrification [45].

Table 2. Chemical composition (wt.%) of the surface-colored layer and of the base glass analyzed by
FESEM-EDS. CL: Colored layer, BG: Base glass.

Na2O MgO SiO2 K2O CaO TiO2 Cr2O3 MnO Fe2O3 CoO NiO CuO ZnO BaO PbO

Pink1 CL 0.9 - 29.1 5.5 - - - - - - - - - 3.7 60.8

BG 14.5 - 71.3 1.1 13.1 - - - - - - - - - -

Pink2 CL 10.7 - 71.6 5.1 11.5 - - - - - - 1.0 - - -

BG 15.0 - 69.6 1.4 14.0 - - - - - - - - - -

Brown1 CL 8.7 - 48.9 2.3 9.3 - 16.7 - 14.1 - - - - - -

BG 15.3 - 70.4 0.8 13.5 - - - - - - - - - -

Brown2 CL 11.8 - 72.4 5.4 9.7 - - - - - - 0.7 - - -

BG 15.3 0.8 70.4 0.7 12.6 - - - - - - - - - -

Blue1 CL 14.9 - 70.7 1.6 10.9 - - - - - - 1.9 - - -

BG 17.0 - 70.3 1.2 11.5 - - - - - - - - - -

Blue2 CL 15.0 0.6 69.8 2.1 10.6 - - - - 1.8 - - - - -

BG 17.6 0.6 70.4 0.6 10.8 - - - - - - - - - -

Blue3 CL 16.6 1.2 64.3 1.1 8.9 - - - - 6.7 - - 1.1 - -

BG 19.0 1.6 69.0 0.4 9.9 - - - - - - - - - -

Black CL 12.9 0.6 60.0 1.6 8.9 - - 12.8 - 1.2 1.9 - - - -

BG 17.1 - 71.9 0.5 10.5 - - - - - - - - - -

Green1 CL 2.5 - 46.6 9.4 - 4.4 1.5 - - - - - - - 35.6

BG 18.3 1.8 70.4 - 9.5 - - - - - - - - - -

Green2 CL 11.7 1.2 55.5 0.4 6.6 - - - 6.3 - - 6.7 - 11.5 -

BG 16.7 1.4 63.1 0.4 9.1 - - - - - - - - 9.3 -

Green3 CL 2.3 - 44.4 10.5 - - 1.4 - - - - 3.9 - - 37.4

BG 19.3 1.9 68.2 0.4 10.2 - - - - - - - - - -

Regarding the colored layers, three samples (Pink1, Green1, and Green3) display a
high content of lead. This element is commonly used to reduce the melting point of the
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surface layer, favoring its adherence to the base glass. These three samples, together with
the Black one, are those in which the colored layer showed a clear hue under FESEM
observation (Figure 3), an effect attributed to the high content of heavy elements such
as lead.

About the colorant agents, most of the surface layers showed a relatively high concen-
tration of chromophores. Pink1 is the only sample in which the chromophores were not
detected by FESEM-EDS; however, in the UV-Vis-IR spectrum (Figure 4a), the band of Mn3+

was detected with a slight shift to higher wavelengths as a result of the high concentration
of lead in the colored layer [19]. A low concentration of manganese may color the surface
layer with a pink hue, although its concentration could not be high enough to be detected
by FESEM-EDS.

Figure 4. Transmittance spectra of the different colored flashed glasses: (a) pink, (b) brown, (c) blue,
(d) black, and (e) green.

In the colored layer of the Pink2 piece, CuO was detected by FESEM-EDS. However,
no clear band of copper was observed in the UV-Vis-IR spectrum, except for a shift of the
absorption front to ~560 nm (Figure 4a), a behavior that is related to the plasmon resonance
of copper nanoparticles [19]. The chemical composition of the Brown2 sample is similar to
that of Pink2 (Table 2), but the color was more intense due to the presence of larger copper
nanoparticles and/or a thicker colored layer.

In the Brown1 sample, which displays a yellowish hue, high contents of Cr2O3 and
Fe2O3 (Table 2) were detected. Some of the bands of Cr3+ at 630, 650, and 675 nm appeared
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in the visible spectrum; whereas, the bands at 435 nm (Cr3+) and 365 nm (Cr6+) are over-
lapped with the shift of the absorption front to ~430 nm (Figure 4b). This shift, shorter
than in the Brown2 spectrum, can be attributed to an iron-amber glass [45]. In this case,
the chromophore is formed by mixed tetrahedral coordination, in which one Fe3+ ion is
surrounded by three oxygen ions (bonded to silicon) and one sulfide anion (bonded to alkali
ions for preserving electro-neutrality) (FeO3S). To obtain this color, reductive conditions
are necessary during glass fabrication. For this reason, the band at 1100 nm is assigned to
Fe2+ (Figure 4b). The color observed in the surface layer is produced by the overlap of the
bands of the different chromophores.

Regarding the blue samples, Blue1 has a relatively high content of CuO (~2 wt.%),
which is also observed in the visible spectrum by virtue of the broad band of Cu2+

(Figure 4c). On the contrary, in Blue2 and Blue3, cobalt instead of copper was detected in
the EDS analyses. The bands of Co2+ are clearly observed in the visible spectrum, being
saturated in the darker glass (Figure 4c). Blue3 also contains ~1 wt.% of ZnO. The presence
of this oxide decreases the dilatation coefficient of glasses, favoring their resistance to
thermal shock that can be generated in bluish glasses in direct contact with the colorless
ones due to their highest NIR absorption [46].

In the Black glass, a high concentration of MnO, CoO, and NiO was detected in the
FESEM-EDS analyses. Mn3+ and Co2+ ions in high concentration give intense purple and
blue colorations, respectively, due to their high molar extinction coefficient. NiO was
also detected by FESEM-EDS and by virtue of the bands of Ni2+ in the visible spectrum
(Figure 4d). The color associated with this ion depends on its type of coordination and on
the nature of the glass. In silicate glasses, Ni2+ in tetrahedral coordination produces a violet
color, while in octahedral coordination gives a yellow hue. If both types of coordination are
present, it is common to find grey glasses. The intense coloration of the three chromophores
yields the black color to the colored layer.

Finally, in the green glasses, common greenish chromophores such as Cr2O3, Fe2O3,
or CuO were detected. Green1 has a high content of PbO (~36 wt.%) together with 4.4 wt.%
of TiO2 and 1.5 wt.% Cr2O3. PbO favors the decrease in the melting temperature of the
colored layer, but it also gives a yellowish hue due to the shift of the absorption front into
the visible range. The triplet band of chromium is clearly observed in the visible spectrum,
which is not the case with the band of Ti3+ at 570 nm (Figure 4e). Nevertheless, this ion
may produce an amber coloration when reacting with impurities of iron oxide, giving rise
to the formation of ilmenite (FeTiO3) [45]. The Green3 sample spectrum also showed the
overlap of bands from chromium and copper, as well as a shift of the absorption front
produced by lead. Finally, the visible spectrum of Green2, with ~6 wt.% of Fe2O3 and
CuO, predominantly showed the band of Cu2+ at 790 nm (Figure 4e). This glass also has
~11 wt.% BaO, a compound that helps to stabilize the glass and increase its shine [45].

3.2.2. Laser-Induced Breakdown Spectroscopy

The LIB spectra from flashed glasses, displayed in Figure 5 were recorded on colorless
base glass (lower black spectra) and on their corresponding colored layers (upper red
spectra). The assignment of the spectral lines was based on the NIST database [47]. Table 3
summarizes the main elemental components of the base glasses and of the corresponding-
colored layers of the considered samples, determined by the assignment of the spectral
emission lines.
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Figure 5. Cont.
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Figure 5. LIB spectra of base glass (lower black spectra) and colored layers (upper red spectra)
from flashed glasses. The assigned neutral (I) and ionic (II) atomic lines are indicated. The gap at
wavelengths between 260 and 270 nm has been intentionally left to avoid the scattering light from
the excitation laser at 266 nm. (a–k) correspond to LIBS spectra of samples Pink1, Pink2, Brown1,
Brown2, Blue1, Blue2, Blue3, Black, Green1, Green2 and Green3, respectively.
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Table 3. Elemental composition of base glass and colored layers of flashed glasses as determined by
LIBS. The main components and possible chromophores are indicated in bold black and bold red,
respectively. BS: Base glass, CL: Colored layer.

Samples Elemental Composition as Determined by LIBS

Pink1
CL Si, B, Mn, Fe, Pb, Al, Ca, K, Ba, Sr, Ti, Na

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Pink2
CL Si, B, Mg, Sn, Al, Ca, Cu, Na, K, Fe, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Brown1
CL Si, B, Fe, Mn, Mg, Ca, Al, Cr, K, Ba, Sr, Ti, Na

BG Si, Mg, Al, Ca, Na, K, Ba, Sr, Ti

Brown2
CL Si, B, Fe, Mg, Ca, Al, Cu, Na, K, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Ti

Blue1
CL Si, B, Mg, Ca, Al, Cu, Na, Fe, K, Ba, Ti

BG Si, Mg, Al, Ca, Na, Fe, K, Ba, Ti

Blue2
CL Si, B, Mg, Ca, Al, Cu, Na, Co, K, Ba, Ti

BG Si, Mg, Al, Ca, Na, K, Ba, Ti

Blue3
CL Si, B, Co, Mg, Ca, Al, Cu, Na, Ba, Ti, Zn

BG Si, Mg, Al, Ca, Na, Ba, Ti

Black
CL Si, Mg, Fe, Mn, Ca, Al, Ni, Na, Co, K, Ba, Cr, Sr, Ti

BG Si, Mg, Al, Ca, Na, K, Ti

Green1
CL Si, B, Mg, Mn, Ca, Al, Pb, Cr, Ti, Cu, Co, K, Na

BG Si, Mg, Al, Ca, Na, K, Ti

Green2
CL Si, B, Fe, Cr, Mg, Al, Ca, Cu, Co, K, Ba, Sr, Na

BG Si, Mg, Al, Ca, Na, Ba, Sr, Ti

Green3
CL Si, B, Mn, Cr, Mg, Pb, Al, Ca, Cu, Co, Ba, Na

BG Si, Mg, Al, Ca, Na, Ti

The spectra reveal the elemental composition of the glasses by virtue of the emission
lines of the main and minor components. These are silicon, calcium, aluminum, potassium,
sodium, magnesium, barium, strontium, titanium, and iron. The elements Si, Ca, Al, K,
and Na correspond to the main glass components. Other components (Mg, Ba, Sr, Fe, and
Ti) can be attributed to impurities from the raw materials employed in the manufacturing
processes and to stabilizing agents. Sr, Fe, Ti, with Al, which could not be detected by
FESEM-EDS due to their low concentrations below the detection limit of the technique,
were observed by LIBS. Besides, the Brown2 and Green2 glasses showed a high content
of barium in comparison to the rest of the glasses, in good agreement with FESEM-EDS
results. The high content of Na observed in all base glasses indicates that these are mostly
based on soda-lime silicate glass. This corroborates the EDS results (Table 2).

The LIB spectra acquired on the different colored layers are richer in line emissions
than those corresponding to the colorless base glass (upper red and lower black lines,
respectively, in Figure 5) due to additional elements responsible for their coloration. Be-
sides, in most of the spectra of coloration layers, boron lines are present, testifying to the
intentional use of this element alone or in combination with lead to lower its melting tem-
perature to obtain better adhesion. Figure 5a shows the LIB spectrum of the colored layer
of the Pink1 sample, revealing the presence of Si, B, Mn, Fe, Pb, Al, Ca, K, Ba, Sr, Ti, and Na
emissions. The high intensity of Na lines indicates that the material is a soda-lime silicate
glass. Additionally, the high-intensity Pb lines (an element also detected by FESEM-EDS)
with B lines are obtain lower melting temperatures and to avoid thermal bending or other
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deformations of the base glass substrate during the production of the flashed glass. The
presence of Fe lines, and the minor contribution of Mn lines, indicate the presence of the
chromophores [45] responsible for the slight pink coloration of these colored layers. The
rest of the components (Si, Al, Ca, K, Ba, Sr, and Ti) are attributed to impurities, stabilizer
agents, and elements used in the fabrication of the glass.

Figure 5b shows the LIB spectrum derived from the Pink2 sample revealing a qualita-
tively similar composition than that of the Pink1 sample, except for the additional presence
of Cu chromophore, as determined also by FESEM-EDS. The contribution of Fe to the dark
pink coloration of the Pink2 sample is revealed to be minor. Emission lines assigned to Si,
Ca, Al, K, and Na correspond to the main glass components, while other emissions due to
Ti, Mg, and Sn are attributed to stabilizing agents and impurities of the raw materials.

The LIB spectrum from the colored layer of the Brown1 sample (Figure 5c) displays
emission lines of Fe, Mn, and Cr corresponding to the chromophores. Other lines in the
spectrum are attributed to Si, B, Mg, Ca, Al, K, Ba, Sr, Ti, and Na. The composition of the
colored layer from sample Brown2, displayed in Figure 5d, differs from that of sample
Brown1, as in the latter, Cu is the main chromophore with little Fe contribution. Sr and Ba
lines are not observed for the Brown2 sample.

The LIB spectra acquired on the colored layers of Blue1, Blue2, and Blue3 samples
(Figure 5e,f,h) are qualitatively similar with the exception of the lines associated with their
chromophores. Cu and Fe (with less contribution) are responsible for the coloration of
sample Blue1, while Cu and Co are associated with the coloration of Blue2 and Blue3
samples. With respect to the minor components, the presence of potassium is observed in
samples Blue1 and Blue2 and titanium in sample Blue3, in addition to Si, B, Mg, Ca, Al, Na,
and Ba.

The LIB spectrum of the colored layer of the Black sample (Figure 5g) shows the
presence of a higher number of elements related to chromophores when compared to the
rest of the studied samples (Fe, Mn, Ni, Co, and Cr). The additional elements are Si, Mg,
Ca, Al, Na, K, Ba, Sr, and Ti.

LIB spectra of Green1, Green2, and Green3 samples are shown in Figure 5i–k. The
different shades of green color of these samples (from light green for Green1 to dark green
for Green3) are due to quantitative differences in the main chromophores, Cr and Cu for
Green1, Fe, Cr, and Cu for Green2, and Cr, Cu, and Co for Green3.

A comparison of the results of the elemental composition of the samples retrieved
from FESEM-EDS and LIBS analyses (Tables 2 and 3, respectively) reveals that LIBS is
able to detect the presence of all elements identified by FESEM-EDS in addition to other
elements that could not be observed by this technique, such as light and trace elements.

3.2.3. Laser-Induced Fluorescence

The LIF spectra collected on the flashed glasses of this study are displayed in Figure 6.
All spectra consist of a broad feature in the 300–700 nm wavelength range, although each
sample displays different characteristics that are associated with its chemical composition,
including chromophores.

The LIF spectra corresponding to the base glass of the different samples (black lines in
Figure 6) are rather similar and can be described as the sum of emissions from different
glass components. The emission in the 300–500 nm range encompasses the contribution of
oxygen deficiency centers (ODC) from the glass network [42,44,48]. Besides, an additional
shoulder with different relative intensities in each sample is noticed around 520 nm and
assigned to Ca2+ of the glass lattice [39,49].
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Figure 6. LIF spectra of base glass (lower black spectra) and colored layers (upper red spectra) from
flashed glasses. ODC and (*) refer to bands due to oxygen deficiency centers and copper nanoparticles,
respectively. Possible chromophores are tentatively assigned and marked by horizontal bars. (a–k)
correspond to LIF spectra of samples Pink1, Pink2, Brown1, Brown2, Blue1, Blue2, Blue3, Black,
Green1, Green2 and Green3, respectively.
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The LIF spectra of colored layers (red lines in Figure 6) display some specific features
in addition to those observed in the base glass. As already indicated and revealed by
FESEM-EDS, UV-Vis-IR spectroscopy, and LIBS, chromophores based on Fe, Cu, Mn, Co,
Ni, and Cr account for the different colorations. The contribution of these chromophores
to fluorescence emissions of the colored layers is not much evident in the LIF spectra of
the samples due to the expected reabsorption of the fluorescence from these compounds
with absorption bands in the near-UV and visible spectral ranges. Despite this, the weak
shoulders over-imposed on the main emission band and observed at 360, 475, 500, 540, and
610 nm have been tentatively attributed to the presence of Fe3+/Fe2+, Cu2+, Fe3+, Mn2+,
and Mn3+, respectively [40,45]. On the other hand, the prominent bands observed around
580 nm, specifically for the dark-colored layers from the samples Pink2 and Brown2, may
be assigned to emissions from copper nanoparticles [19].

The light coloration from samples Pink1 and Brown1 is due to the presence of Mn- and
Fe-based chromophores, while the additional emissions attributed to copper nanoparticles
account for the dark hue of Pink2 and Brown2 samples, in agreement with LIBS and
FESEM-EDS results. Emissions attributed to different chromophores contribute to the black
coloration in the Black sample, as also revealed by LIBS and FESEM-EDS. Regarding the
green and blue samples, Cu, Fe, and Mn with different amounts and contributions are
considered chromophores in these samples [19].

The combination of LIF and UV-Vis-IR spectroscopy techniques has been revealed to
be very effective for the determination of the chromophores responsible for the coloration of
glasses, although the latter has shown high sensitivity with respect to the former, revealing
the presence of a very high number of chromophores.

4. Conclusions

Flashed glasses, constituted by two layers, one of a colorless glass with a thin colored
layer applied on top, have been structurally and compositionally analyzed by optical
microscopy, field emission scanning electron microscopy, and linear energy dispersive spec-
troscopy to determine the thicknesses of the colored layers. The elemental composition of
the base glasses and their corresponding-colored layers was determined by laser-induced
breakdown spectroscopy and field emission scanning electron microscopy-energy dis-
persive spectroscopy. Laser-induced fluorescence and UV-Vis-IR spectroscopy provided
further information about the chemical nature of the base glasses and colored layers,
signposting the presence of the main chromophores responsible for their colors. Laser-
induced breakdown spectroscopy results allowed, in a micro-invasive way, the detection
of light, major, minor, and trace elements, both in the base glasses and colored layers,
with higher sensitivity for major and minor components as compared with the destructive
cross-sectional technique of field emission scanning electron microscopy-energy dispersive
spectroscopy, which in turn can yield valuable information on chronology, provenance,
and manufacturing processes and adds extra value to studies in these type of glasses.
Laser-induced breakdown spectroscopy has been revealed as a powerful technique to
determine the elemental composition and to look for chemical differences or similarities
in the composition of non-destructible samples with historical and heritage value. The
speed of analysis achieved with this technique, added to the development and production
of portable devices, facilitates the examination of a large number of samples in the field, at
excavation sites, in museums, cathedrals, and other civil buildings. Finally, the combination
of laser-induced fluorescence and UV-Vis-IR spectroscopy has been revealed to be very
effective for the determining of the nature of chromophores responsible for glass coloration.
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