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White enamels were prepared from scheelite and zircon glasses. By modifying the amount of WO3 and ZrO»,
different crystalline shapes and percentages were obtained. It was found that the high refractivity of zircon
hinders the crystallization of scheelite and thus the mixture of the two glasses lead to non-crystallized regions
which in turn influence the glaze optical properties. In these non-crystallized areas the infrared characterization
revealed a large amount of non-bridging oxygens leading to an increase of the band-gap energy and a decrease in

the both the solar reflectance and whiteness of the enamels. It was concluded that by reducing the percentage of
these non-crystalline regions, the scheelite/zircon glass ceramic enamels could be potential candidates for
reducing the Urban Heat Island effect.

1. Introduction

The phenomenon known as the Urban Heat Island effect (UHI) is
growing all around the world mainly due to the continuous migration
from countryside to cities. This is leading an increased number of
transport vehicles, air conditioning systems, gas or electrical heaters,
traffic lights, street lamps and other commodities that produce heat
during operation. The construction of new factories, buildings, roads,
pavements, etc. also contribute to the UHI effect since they contain
materials such as asphalt, concrete, metals and brick tiles that are high
heat absorbers. It is estimated that urban areas use about 75% of world
energy although they occupy only 2% of Earth surface [1]. To that end,
several strategies are continuously being developed to mitigate UHI
effect. In general, these can be classified as: a) planning new city designs
(green spaces, canyons for air flow, green roofs, wind towers, etc., and b)
developing passive energy savings systems (solar walls, fenestration,
thermal insulation, etc.) [2]. In the strategy of passive energy saving an
important effort is been carried out on cool material surfaces, mainly
pigments, ceramics, glasses and glass-ceramic materials, retroreflective
materials (RR) and phase changed materials (PCM) as well [3]. These
cool materials possess the characteristic of presenting high solar
reflectance specially in the visible and near infrared regions [4]. These
strategies are revealed to reduce air temperature €2 °C), although each
solution must be optimized for each urban zone due to the inherent
characteristics of each city [5].
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With respect to ceramics, glasses and pigments known as cool ma-
terials, their main common characteristic is to present a high solar
reflectivity in the visible and IR range. In this sense several ceramic
pigments with a wide variety of heat absorbing colors (red, blue, pink,
yellow, etc.) have been developed [4]. At the same time, ready to use
ceramic materials such as roof tiles and pavements with high visible
reflectivity are also being developed [6,7] . In the last decade, there have
evolved a large number of studies in solar reflective and retroreflective
tiles for being installed principally in the Mediterranean area where
white or colored surfaces are highly used [7]. These tiles are conformed
by a clay substrate containing a thin layer of engobe and on the top
surface, a high mechanical resistance layer where the cool ceramic
pigments can be incorporated is applied [6,8,9]. In order to obtain the
best color results, the engobe layer usually contains important concen-
trations of zirconium silicate (ZrSiO4) or zirconium derivatives that
possess high whiteness this maintaining the optical properties of the top
layer deposited afterwards. The top layer, either transparent, opaque
matt or glossy, is mainly constituted by a glass or glass-ceramic material
known as glaze or enamel [8,9]. For opaque white top layers, the main
constituent is also zircon due to its high refraction index (1.94 - 1.96)
that leads to a high solar reflectivity of about 80-90% [10]. Zircon can
be added as micrometric particles to the whole or it can be grown in situ
after a crystallization process during firing and when the top layer is
already formed. In this later case, small crystal sizes (in the
sub-micrometer range) with spherical and/or needle-like shape are
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formed [11,12].

Nevertheless, due to the global price fluctuation of the raw materials
(zirconium), different whitening materials are sought to economize the
production of reflective materials [13]. Lately, scheelite (CaWO4) has
been revealed as strategic material for obtaining high white surface tiles
because of its very high refraction index (1.90-1.93) and its special
crystallization habit in form of bipyramids of sizes below of 1 um [14,
15]. Scheelite can be easily crystalized by a wide variety of synthetic
procedures such as chemical solution [16], co-precipitation [17], sol-gel
[18], hydrothermal synthesis [19], sonochemical [20], Czochralski
method [21], etc. However, the best method for obtaining well defined
bipyramidal crystals has been proved to be through
nucleation-crystallization from a silica glass matrix containing calcium
and tungsten oxides [15]. In this later case it has been found that if the
WOj3 concentration in the glass matrix is close to 6% scheelite crystal-
lizes as a mixture of small bipyramids and long arrows with pyramids at
both ends and, with this type of crystallization the tile whiteness reaches
90%.

The aim of this work is to analyse the optical properties of different
glass top layers or enamels where scheelite and/or zircon crystals have
been grown through a firing treatment where the nucleation-
crystallization process is developed. In such enamels the concentra-
tions of WO3 and ZrO, have been chosen for obtaining scheelite and
zircon crystals of similar sizes and shapes. The interaction of both
enamels has been analysed and their solar reflectance has been deter-
mined in order to determine their potential to be used as passive energy
savings systems for mitigation the UHI effect, where it is known that
through the use of high reflectance surfaces, an energy saving between
10% and 70% can be achieved [22].

2. Experimental section
2.1. Preparation of zircon and scheelite parent glasses

Zircon and scheelite enamels parent glasses (SG: scheelite glass; ZG:
zircon glass) were first obtained by melting in a gas furnace. The raw
materials (all of them > 99.5% purity) quartz (SiO3), H3BO3, Al;Os,
CaCOs3, NapCO3, K2CO3, MgCO3 and ZnO were mixed in a turbula mixer
for 4 h and then put in an alumina (Al,O3) crucible for calcination at 900
°C to remove carbonates. The calcined mixtures were melted in a gas
furnace at 1450 °C for 2 h and then poured to a metal plate. The obtained
glasses were then crushed and sieved below 100 um and mixed again
with the corresponding amounts of WO3 or ZrO5 to achieve the desired
chemical concentrations of 6% (wt%). These new compositions were re-
melted at 1450 °C for 2 h and quenched on cold metal plates. The final
chemical compositions of both glasses analysed by x-ray fluorescence
and ICP-OES are given in Table 1.

2.2. Glaze preparation

The obtaining of the different glaze top coats or enamels was ach-
ieved by using the parent glasses or their mixtures. First, SG and ZG were
crushed and powdered in an agate mortar to obtain glass particles that
were sieved below 100 pym (see Supplementary Material S1). Five
different slurries were prepared containing 100 g of the powdered glass
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rpm and then they were deposited over porcelain white supports using a
tape casting instrument to get coatings of 300 um thick. No engobe was
used in any support. The coated supports were fired at 1170 °C for 5 min
in accordance to a conventional heating cycle using in the tile industry.
The percentage of each glass used and labeling of enamel samples is
given in Table 2:

2.3. Materials characterization

The chemical compositions were determined by X-ray fluorescence
(MagiX, Malvern Panalytcal) and ICP-OES for Boron content (Agilent
700, Agilent Technologies). Hot Stage Microscopy (HSM, EM201 Leica)
was used for analysing the viscosity behavior during heating of the as
prepared and mixed powders. The Infrared spectra were obtained by an
FTIR instrument (Perkin-Elmer, Spectrum BX) using the KBr pellet
technique. For this, the enamels were separated from the porcelain tails
by using a micro-cutting instrument (Biihler) with a SiC cutting disk and
then the extracted fragments were finely powdered in an agate mortar.
The powdered enamel powder was mixed with KBr in a 1/300 w/w ratio
and pressed at 60 MPa for 3 min. Each spectrum was averaged from 8
collections in the 4000-400 cm ™! spectral range with a resolution of 1
cm ™! and background subtraction. The Raman spectra were measured in
the 1500100 cm ™! spectral range using a 514 cm ™! laser excitation in a
Renishaw inVia spectrometer focusing the samples with a Leica micro-
scope and 20x objective. The spectra were averaged from 10 collections
taken at different locations on the surface of each enamel sample in the
HH polarizations (Horizontal transmitting, horizontal receiving) using
90° scattering geometry. UV-VIS-NIR spectra were obtained directly
from the surface of each enamel sample in the 280-2500 nm spectral
range in a Perkin-Elmer Lambda 950 spectrometer. The instrument was
equipped with an integrating sphere for measuring the reflectance of
each sample. The corresponding solar reflectance (SR, Eq. (1)) was
calculated by integrating spectral reflectivity p(4) over the whole spec-
tral range (280-2500 nm), and weighted by the direct spectral irradi-
ance of the sun at the earth surface (SIs1;) calculated from ASTM G 173
solar tables [23]. For both variables, p(A) and Sl a step size of 5 nm
was used.

SR — Z?iggop (4:)STo1,4(A:)d A o
> %008 o1 (A) i

Color coordinates were acquired by using a CM- 2600d spectropho-
tometer according to the CIE (International Commission on Illumina-
tion) Lab model [24]. Gloss was determined with a Konica Minolta
Glossmeter Multi Gloss 268 A. The averaged data (for color and gloss
determination) was obtained after measuring at least in five different
points randomly distributed over the surface of the enamel sample. For
surface roughness characterization an optical profilometer (Zeta-20,
Zeta Instruments) was used to calculate the Ra parameter (in microns)
by drawing 30 lines on each material piece surface of 30 x 30 mm? with
a resolution of 13 nm. X-ray diffraction patterns were obtained from the
surface of each enamel by employing a Brucker D8 Advance

Table 2
Composition of the mixtures and labeling of the prepared enamels.

(SG, ZG or their mixtures), 30 g HyO, 7 g AlsSioOs(OH)y4, 2 g carbox- Glass / Label 1008 75/25-SZ 50/50-SZ 25/75-SZ 100Z
ymethyl cellulose (CMC, viscosity 50 cp, molecular weight 90,000 g/ SG (Wt%) 100 75 50 25 0
mol) as binder and 0.5 g of NasP301¢ (STPP) as deflocculant. The slurries ZG (Wt%) 0 25 50 75 100
were thoroughly mixed in an agate jar with agate balls for 15 min at 250
Table 1
Chemical composition of the parent glasses (wt%).
Si02 B203 Al203 K20 MgO Ca0 ZnO W03 Zr02
SG 53.8 5.8 8.3 - 10.7 7.2 5.7 -
7G 55.1 5.3 4.4 3.6 2.4 8.9 12.3 - 7.6
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diffractometer using Cu Ky (1.540598 A) radiation and operating at
40 kV. The microstructure of the enamels was observed by a Scanning
Electron Microscope (FE-SEM, Hitachi 4700-S). Before observation, the
samples were cut and polished with an abrasive SiC paper 1200 grit. The
surface analysis of the SEM images was carried out by using the software
SigmaScan Pro 5 (Systat Software, Inc.). The obtained pictures were
firstly calibrated with the scale bar in the micrography and then, the
specific features (crystal sizes, non-crystallized areas, etc.) can be
determined by using the designed tool in the software (that accounts
pixels for the calibrated length). At least 10 pictures were analysed for
each sample.

3. Results
3.1. Structure and microstructure of the enamels

Before enamel preparation, the behavior during heating of the parent
SG and ZG glass powders and their mixtures was analysed by means of
HSM. The changes in the cross-sectional area (the outline area visible
under the HSM) are continuously recorded allowing the calculation of
the variation of the sample area via image digital processing being
plotted in Fig. 1. This plot allows determining the temperatures that
correspond to the fixed points of viscosity [25]. The first fixed point
corresponds to the beginning of sintering and is taken from the intercept
between the slopes of the first and second HSM stages, whereas the last
point (% area-30%) corresponds to a given viscosity where the enamel
spreads over the surface of the ceramic support. The other fixed points of
viscosity correspond to the end of sintering, softening, sphere, half
sphere and one third of sphere. Taken into account these points, the
viscosity versus temperature curves were then plotted and given in
Supplementary Material S2.

From Fig. 1 it is observed that ZG is the glass most refractory glass
presenting the higher sintering temperature while SG sinters at the
lowest temperature. As expected, all the SG-ZG mixtures show inter-
mediate sintering temperatures although they are similar to the sinter-
ing temperature of SG. In addition, SG glass also presents the lower
temperature when it starts spreading over the support (30% area), and
the higher temperature corresponds to the 25/75-SZ mixture. A close
observation of Fig. 1 reveals that the 75/25-SZ mixture presents a wide
range of temperatures with no areal change (870-1070 °C). This
behavior appears for the other mixtures although the temperature range
decreases as increasing the ZG concentration. The region where the area
does not experiment any change with temperature corresponds to the
formation of the sphere shape in the HSM. This effect indicates that due
to the high refractory behavior of the ZG, the particles of both types of
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Fig. 1. HSM curves of the different glass powders and their mixtures.
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glasses can interact in this interval of temperatures avoiding the
reduction of the sample shape and, then it is necessary to apply further
heat to start spreading.

According to HSM curves, the slurries were fired at 1170 °C, i.e.
beyond the sphere temperature and when the viscosity is adequate for
spreading. The obtained enamels were opaque and white, indicating
that the crystallization of scheelite and zircon had occurred [10]. It is
known that the crystallization of zircon starts at about 1000 °C and in-
creases very quickly between 1100 and 1200 °C [26] and also the
crystallization of scheelite follows a similar behavior [15]. The forma-
tion of such crystals was identified by XRD (Fig. 2). In this Fig. 2 the
corresponding XRD patters of scheelite (JCPDS 041-1431) and zircon
(JCPDS 006-0266) are also plotted. Here it is observed the presence of
both types of crystals in the 75/25-SZ; 50/50-SZ, 25/75-SZ enamels and
their intensities vary according to the amount of SG and ZG used. Similar
XRD patterns have been observed for zircon and scheelite containing
glass-ceramic materials [13,15]. In the case of scheelite enamels, the
XRD main peak corresponds to the (004) reflection, while in the theo-
retical pattern is the (112). This fact has been also observed in other
works, where scheelite crystallized in silica enamels and, it has been
assigned to preferred orientation of scheelite crystals instead of a
random orientation on the surface of the enamel [14,15]. On contrary,
the main reflection peak of zircon is (200) and this is well observed in all
the enamels containing zircon indicating that such crystals do not have
grown through any preferential orientation in the enamel. In addition, it
can be also observed that in all XRD patterns appear a wide bump
(around 25 °0) due to the presence of a silica glass phase (Supplementary
Material S3) [10].

Fig. 3 shows the Raman spectra of the prepared enamels where the
peaks associated to the internal modes of scheelite crystals at 911, 837,
796, 400 and 334 cm ™! appear [27] as well as those of zircon crystals at
1010, 978, 439, 358 and 226 cm™' [28]. Since the glass structure is
strongly polarized, all the Raman spectra were obtained by inserting a
polarizer in the scattered beam and measured with parallel polarization.
A closer look to the Raman spectra allows distinguishing a wide band
attributed to the glassy matrix where the two mentioned phases have
evolved as crystals (Supplementary Material S4). The presence of these
two crystalline phases within the enamel is in perfect agreement with
the XRD results shown in Fig. 2.

In Fig. 4 there are plotted the FTIR spectra of the different enamels.
The high bandwidth corroborates the glass nature of the enamels out
from where crystallizations have occurred. In these spectra, the band
located at 1397 cm ™! is assigned to the B-O stretching in BO3 units and
the shoulders around 770 and 700 cm ™! are assigned to B-O-B bending
vibration of BO4 groups with W-O-W and in pentaborate groups,
respectively [29]. The shoulder located at about 1200 cm ! and the
bands close to 1050, 800 and 470 cm ™! are due to Si-O-Si bonds [30]
whereas the peak at 610 cm ™! is assigned to the presence of ZrSiOy4
crystals [31]. In the reported spectrum of the scheelite crystals, the most
characteristic feature is the band at 800-807 cm™* which is originated
from the W-O stretching vibration in the WO, tetrahedron [32]. This
band is found to be overlapped with the one centered at 800 cm™!
(Si-O-Si tetrahedron of the glass matrix) making difficult their entire
differentiation. However, the small peak appearing at 795 cm™! in the
100 S sample could be tentatively attributed to the scheelite crystalli-
zation. Additionally, in the enamels with high ZG concentration, i.e.
samples 100Z and 25/75-SZ, it is possible to appreciate two small
shoulders at 970 and 900 cm ™! being the first one attributed to Si-O-Zr
bonds in the glass structure [33] and the second one to zircon crystals
formed in the enamel [31]. In the 50/50-SZ enamel it is only possible to
observe the small shoulder around 900 cm™! because of the lower
concentration in ZG.

Fig. 5 shows the scheelite and zircon crystals formed in these
enamels. In the case of scheelite crystals Fig. 5a) they present an arrow-
like shape with pyramids at both ends [15]. There also can be encoun-
tered some bipyramids and long arrow-like crystals which are detached
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Fig. 2. XRD pattern of the prepared enamels. It is shown the XRD patterns for scheelite and zircon for comparison.
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Fig. 3. Raman spectra of the prepared enamels.

to form new bipyramids or new short arrow-like crystals. This behavior
was previously described by Taallah et al. in white enamels containing
6% WOs3.[15] On the other hand, the zircon crystals always present their
characteristic acicular shape (Fig. 5b) [11].

Fig. 6a-e shows the SEM images corresponding to the microstructures
of the different prepared enamels (fresh surface, unpolished material

5017

and HF treated for 8 s). There, it can be clearly appreciated the arrow-
like scheelite crystals and the acicular shape of the zircon crystals. It is
also noticed that the body of the scheelite arrows present a circular cross
section (Fig. 6b) whereas the cross section of the zircon crystals (Fig. 6d)

is mostly square-shaped.
In the low magnification SEM images (Fig. 7), it is shown that the
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Fig. 4. FTIR spectra of the prepared enamels.

Fig. 5. SEM images of a) scheelite and b) zircon crystals in the enamels.

100 S enamel prepared with only SG glass, shows that the growth of
small crystals occurs over the whole bulk material (Fig. 7a). The SEM
images shown in Fig. 7b-d correspond to the mixtures of the two parent
glasses and it can be appreciated some regions or islands with no crys-
tals. There, it is also observed that the size of such non-crystallized
islands is higher for enamel 50/50-SZ followed by the other two
mixed enamels (75/25-SZ and 25/75-SZ). In the 100Z enamel shown in
Fig. 7e these small areas without crystallizations are also present. A
similar observation has been described in several works [12] and has
been ascribed to a cluster formation process that occurs during the
densification of the glass particles [12].

It is interesting to notice the crystallization habit in the enamels
containing the two types of crystals. Fig. 7f shows an enamel area where
both scheelite and zircon crystals appear separated with a non-
crystallized zone as interface. These images at similar magnifications
clearly show the differences between crystallizations. This result and the
presence of the above mentioned non crystalline islands indicate that
during firing and, probably in the temperature range of 870-1070 °C
(where the sphere shape is formed in the HSM, Fig. 1), the glass particles
of both SG and SZ glasses interact due to their different viscosity
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behavior at such temperatures. In such temperature range, the results
shown in Fig. 1 demonstrated that while the SG particles tend to soft and
flow, ZG only starts sintering thus leading to a restriction in the flow
behavior of the SG particles.

The EDX analysis of the materials revealed the actual composition of
the crystals. However, it is interesting to analyse the composition of the
non-crystallized regions to evaluate if there were compositional differ-
ences among enamels (Table 3). The obtained results fit fairly well with
the expected chemical composition taking into account the composition
of each glass (Table 1) and the inherent inaccuracies of the EDX.

From this Table 3 it can be deduced that despite of the crystalliza-
tions observed, there are still some Zr and W remaining in the non-
crystallized regions, suggesting that the crystallization could still
evolve. Varshneya et al. [34] classified components of the oxide glasses
in network formers (GF), such as SiO5 or WO3, network modifiers (NM),
which are predominantly alkaline and alkaline earth ions, and in-
termediates, which can act either as GFs and NMs, being the case of Zn,
in this study. However, some other studies [35] suggest that some
“classical” GFs such as Al,O3 or ZrO act in fact as intermediates. It is
interesting to compare the relative proportion of NM, (alkaline and
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Fig. 7. SEM images of the scheelite-zircon enamels.

Table 3
EDX analysis of the non-crystallized regions of the enamel samples (mol%). NM stands for glass network modifiers and GF stands for glass formers.

Compound (%)

Sample Na,O MgO Al,03 SiO, K,0 CaO ZnO ZrO, WO3 NM GF

100S 7.98 10.39 65.17 7.83 5.74 2.89 16.8 83.2
75/25-SZ 5.27 0.94 8.48 56.01 0.84 10.18 11.76 2.77 3.75 20.2 79.8
50/50-SZ 1.22 0 7.6 65.99 1.65 9.86 9.06 2.77 3.07 14.2 85.8
25/75-SZ 4.23 0 7.34 59.86 1.76 8.89 12.24 1.93 3.77 17.3 82.7
100z 3.89 1.77 5.48 67.31 3.07 3.98 9.85 4.67 14.8 85.2
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alkaline earth cations) and GF, being the minimum amount of NM found
in the 50/50 composition.

3.2. Optical properties of the enamels

It is widely accepted that the roughness of a surface exerts a large
influence on the optical characteristic of the material thus determining
not only their reflectance, but gloss, color, etc, as well [36]. The
roughness of the prepared enamels was analysed by confocal microscopy
over a total length of 6 mm and the Ra values are given in Table 4. The
obtained Ra values are characteristic of smooth surfaces. Additionally,
similar Ra values were obtained for all the enamel samples prepared
independently on the amount of either SG or ZG glasses thus it can be
considered that all enamels must be comparable and not influenced by
their differentiated roughness [9].

3.2.1. Gloss

Table 4 also gives the obtained gloss values measured at 60° in all the
prepared enamels. Gloss values vary between 82 and 92 as correspond to
enamels containing more than 6% of zircon [13]. These values are
higher than enamels prepared with lower the zircon content [37] and
the reported values for enamels that do not contain ZrSiO4 but contain
other type of crystals such as anorthite [38] or gahnite [39]. It should be
clarified also that similar trends were obtained in the gloss values
measured at 20° and 85°.

3.2.2. Color

The L*a*b* values in the visible spectrum are given in Table 4. It is
observed that all the prepared enamels present high whiteness (L* >90)
due to the presence of scheelite and/or zircon crystals in their bulk
structure. Also, b* > a* being always b* > 0, results which are also been
encountered in some other reported zircon containing enamels [12,37].
In this Table 4 it is appreciated that L* decreases when the zircon glass
concentration increases until a concentration of 50% and then the
L* value increases again to reach the maximum value in the 100Z
enamel (i.e. 100% of zircon glass). The opposite trend occurs for the
b* parameter that increases up to 50% of zircon and then decreases. On
the other hand, the a* parameter shows a continue decrease with the
zircon glass concentration in the enamel, starting form positive values
and reaching a negative value for the 100Z enamel.

3.2.3. Solar reflectance

Fig. 8 shows the obtained UV-vis-NIR for the obtained enamels. It is
observed a rapid increase of the reflectance from the UV-vis region to
NIR and, in this last region the reflectance remains virtually constant.
This behavior has been also observed to occur in some other zircon and
scheelite containing enamels [15]. The higher reflectance appears for
the 100Z enamel followed by 100 S, indicating a high light diffusion due
to the smaller crystal particles existing in these enamels. On the other
hand, the reflectance curves of the mixed enamels are dependent on the
scheelite-zircon ratio. The average reflectance values in the UV, vis and
NIR regions are also collected in Table 4, being those values within the
same range as other zircon enamels [12]. According to these values, it
can be concluded that the prepared enamels have higher reflectance in
the Visible and Near-Infrared regions than in the UV one. Taken into

Table 4
Surface properties of the enamel samples.
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account that the NIR region presents more than the 50% of the total
energy spectrum [4] these enamels accomplish the purpose of being
used in buildings to mitigate UHI effect [9].

For each reflectance spectrum shown in Fig. 7, In the literature, it has
been showed that the addition or crystallization of ZrSiO4 in any enamel
leads to an improvement in the SR [7], however the results shown in
Table 4 show that SR does not depend on the scheelite/zircon concen-
tration in the enamel and, therefore other factors must be taken into
account. The SR values are collected in Table 4 and vary between 74 and
87 with a minimum in the 50/50 concentration. Cool materials are
considered to present SR values ranging from 40 to 85 [40] and,
therefore the prepared enamels can be considered to belong to this
group of materials.

4. Discussion

The experimental results of the prepared enamels and shown in the
previous section evidenced the absence of any compositional trend. It
has been observed that although both glasses contain WO3 or ZrO, with
very similar refraction indexes (1.90-1.93 for scheelite and 1.94-1.96
for zircon) their main properties such as color, gloss and SR are not
dependent on the concentrations of SG or ZG glasses in the enamels
despite that after crystallization, they present crystals with similar
acicular shapes (Figs. 5 and 7). The obtained results indicate that the
optical properties are mainly dependent of the microstructure of the
materials. According to Table 4, the 100 S enamel has lower values of
SR, L* and Raverage than the 100Z enamel, while gloss and a* and
b* values are higher. For the 100 S enamel a* and b* values indicate
that there are a little coloration with respect to the 100Z enamel leading
to a lower SR and L* values. The high value of gloss for the 100 S enamel
with respect to 100Z is probably due to the higher presence of the glassy
phase as observed by XRD (see detailed pattern in Supplementary Ma-
terial S3), Raman (Fig. 3) and SEM results (Fig. 7).

The effect of mixing SG and ZG materials for making scheelite-zircon
enamels clearly show a first decrease of SR, L* and Rayerage until the 50/
50-SZ composition and then increase to reach values of simple compo-
sitions, i.e. 100 S or 100Z. This trend indicates the interaction between
the particles of the parent SG and ZG glasses during the formation of the
enamels. This interaction has led to changes in the microstructure or in
the structure or in both characteristics of the enamels. The microstruc-
tures of the obtained enamels of Fig. 7 show that the 100 S enamel
presents a homogeneous distribution of scheelite crystals on the bulk
material while the 100Z presents some small islands free of zircon
crystals. This characteristic of the zircon enamel has been ascribed to the
clustering of the ZrSiO4 crystals when the enamel is obtained directly
from raw materials but not from a glass frit with the same composition
[12] and it has been assigned to the gas release during enamel formation
from raw materials because it does not occur if a glass frit is used [12]. In
our work there have been exclusively used glass particles, therefore it is
not possible to attribute the appearance of these islands to the release of
gas during enamel densification implying that other phenomenon takes
place.

In accordance with Fig. 7 the crystal clustering leads to island for-
mation appearing in all enamels containing a mixture of zircon and
scheelite crystals. The SEM images have been subjected to an imaging

Raverage (%)

Sample Thickness (pm) Ra (pm) Gloss L a b SR uv Vis NIR Total
1008 766 10.29 88 95.0 0.39 1.03 81 56.62 82.44 78.89 78.20
75/25-SZ 394 11.62 89 94.3 0.34 1.88 77 43.65 76.96 78.13 76.09
50/50-SZ 419 11.03 83 93.9 0.22 2.41 74 36.55 73.09 75.08 72.71
25/75-SZ 401 10.70 92 94.9 0.10 1.70 77 49.02 79.48 75.04 74.29
100Z 755 10.43 82 98.9 -0.54 0.88 87 57.82 90.24 83.33 82.96
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Fig. 8. UV-vis-NIR spectra of the prepared enamels.

Table 5

Percentage area of non-crystallized surface and average parameters of the crystals (calculated from 50% distribution by assuming a Maxwell-Boltzmann distribution,

given in Supplementary Material S5).

Non-Crystallized area (NCA) Long crystal Bipyramids

NCA sNCA Length Diameter L/D Long axes Short axes L/D
Enamel % pm? pm pm - Hm pm
100S 1 15+/-7 3.44 £ 0.05 0.314 + 0.03 9.53 0.61 + 0.20 0.37 + 0.06 1.65 +0.23
75/25-SZ 35 620+/—-585 2.57 +0.07 0.276 + 0.03 6.45 0.53 + 0.10 0.36 + 0.04 1.47 £0.12
50/50-SZ 41 395+/-480 2.66 + 0.06 0.337 + 0.02 6.82 0.60 + 0.18 0.48 + 0.11 1.25+0.14
25/75-SZ 24 90+/-150 2.65 4+ 0.08 0.294 + 0.02 8.57 - -
100Z 14 45+/-45 1.09 + 0.03 0.225 + 0.02 4.05

analysis, to calculate both the percentage of non-crystallized area (%
NCA) with respect to the whole surface, and the average size of the
islands, or NCA (sNCA). The obtained results are collected in Table 5.

From the data of Table 5 it can be deduced that the enamel con-
taining only scheelite crystals (100 S) presents a homogeneous distri-
bution of crystals occupying all the analysed surface as it has been
shown in Fig. 7, where it is difficult to find NCAs and when present, they
are of low size (15 pmz). The enamel containing only zircon (100Z)
presents the above mentioned crystal clustering, also homogeneously
distributed in the bulk enamel but, such clustering leaves some small
NCAs of a higher percentage (14%) than those of the scheelite enamel.
The sizes of the NCA of both enamels are the lowest among all the
studied samples (15 ym? and 45 um? for 100 S and 100Z, respectively).
When SG and ZG are mixed and both types of glass particles crystallize
into scheelite and zircon, a high % of NCAs appeared being this per-
centage higher for the 50/50-SZ enamel (41%). The biggest NCA area is
found in the 75/25-SZ enamel (620 pmz) while in the 25/75-SZ, the NCA
decreases in size substantially. The high standard deviation of the NCAs
for the mixed enamels indicates a wide distribution with free crystal
areas of very different sizes. These results allow corroborate that ZG
influences the crystallization process avoiding the formation of scheelite
crystals.

Following the same procedure of image analysis, we have analysed
the morphological characteristics of the scheelite and zircon crystals.
Since in the mixed enamels (75/25-SZ, 50/50-SZ, 25/75-SZ) it is
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difficult to distinguish between both type of crystals, we have measured
all the lengths and diameters of the crystals (independently of their type)
and for scheelite bipyramids we have also measured the two axes. The
different morphologies of the crystals can be better observed in the SEM
images shown on Fig. 6. Fig. 9 shows the distributions of these analyses
and the calculated average values by assuming a Maxwell-Boltzmann
probability distribution are given in Table 5. From these data it is
clear that the arrow-like scheelite crystals present higher lengths and
diameters than acicular zircon crystals. The arrow-like scheelite crystals
show a wide length distribution (0.1-6.0 um) and narrow diameter
distribution (0.18-0.42 um) whereas the zircon acicular crystals pre-
sents a narrow length distribution (0.1-1.8 um) and a wide diameter
distribution (0.08-0.35 um). For the mixed enamels it is observed that
the distributions of both lengths and diameters are very close to those of
scheelite enamel indicating that the zircon crystals probably increase in
length and diameter with the presence of the SG particles during the
formation of the enamel. The analysis of the bipyramidal axes of
scheelite crystals show a small increase in the short axes with the ZG
concentration in the enamel. Additionally, by analysing the aspect ratio
(Length/Diameter: L/D) of the formed crystals it is observed a lower
value for the zircon crystals than scheelite ones and a little influence of
the mixed enamels. At the same time, for bipyramid crystals L/D tends to
decrease with the ZG concentration in the enamel.

All the above discussion proves the interaction of SG and ZG particles
during the formation of all the mixed enamels and the effect produced in
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Fig. 9. Size distributions of lengths and diameters of crystals observed in the studied enamels.

the microstructure. This effect leads to prevent the schellite and zircon
crystallization and to form large NCAs in the enamel. In these NCAs the
absence of crystals in the glass matrix leads to a lower dispersion of the
visible light and then a decrease in the solar reflectance and whiteness of
the enamels as the results summarized in Table 4 indicate. The analysis
of both the glass and crystal structure of glass-ceramic materials is
usually carried out by FTIR, Raman and UV-vis-NIR techniques how-
ever, the first two techniques give mainly wide bands that are difficult to
analyse (see Figs. 3 and 4). To perform a depth analysis of these phases,
it is necessary to perform a spectral deconvolution with several Gaussian
or Lorentzian shaped bands with ambiguous assignment of widths and
positions due to their high overlapping [29]. However, extending the
spectroscopic analysis to the UV-vis-NIR range permits to identify some
structural changes occurring in the glass network [41]. From
UV-vis-NIR spectra the fundamental absorption edge or cut-off [42] and
the band-gap energy [43] allows identifying the formation of
non-bridging oxygens (NBO) that are created in the glass matrix. In an
enamel irradiated with UV-vis-NIR light, when photons enter into the
material, they can be absorbed changing the energy states of the atoms
taking part of the material structure. Then electrons can move through
the conduction to the valence bands if the energy between these bands is
sufficiently low to allow the transition stimulated by the energy gener-
ated by the photon. The energy difference between conduction and
valence band energies, the band gap (E,), permits characterizing any
material when interact with light. The band gap values can be obtained
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from the UV-vis-NIR reflectance spectra by combining the
Kubelka-Munk treatment and Taucs relation [44]:

F(Rut) = A(hVE,)" [hv 2
F(Riuwg) = (1 —R)*/2R 3)

where R = reflectance, hv = photon energy, A is a constant that
depends of the types of transitions indicated by the values of n (n = 1/2
or 2 for allowed direct or indirect transitions, respectively, and n = 3/2
or 3 for forbidden direct or indirect electronic transitions, respectively).
For scheelite and zircon crystals most studies have concluded that the
transition type is allowed direct, and then n = [45]. On the other
hand, for glass materials the analysis of the band-gap is still under
consideration because such materials do not present long-range sym-
metry order and then it is not adequate to use the same approach for
crystalline materials to describe the variation of F(Ri,) with hv [46].
Therefore, since the exact type of transition is unknown, all the possible
n values were applied in Eq. (2) because all the values for direct and
indirect transitions are normally considered valid for glassy and amor-
phous materials [47]. By fitting Eq. (3) with the different n values, the
optical E; was obtained by linear extrapolation to a(hv) = 0. Fig. 10
shows the plots of a(hv)? vs hy for the different enamels and the calcu-
lation of the Eg values by extrapolation of the corresponding linear re-
gions in accordance with allowed direct transition (for Indirect
transition see Supplementary Material S6).
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Fig. 10. Plots of a(hv)1/2 vs hv for the obtained enamels.

From theoretical electronic calculations [45] E; values of 4.09 and
5.69 eV have been obtained for scheelite crystals, while from experi-
mental UV-vis-NIR spectra the reported E, values varied from 4.2 to
6.8 eV [17]. Similarly, for ZrSiO4 crystals E, values between 4.43 and
5.9 eV have been obtained [48]. In the case of glasses, the incorporation
of metal oxides which act as glass network modifiers produces the
weakening of the glass structure due to the formation of NBOs leading to
a shift of the band-gap as M. Rodriguez Chialanza et al. have shown [49].
These authors have collected and discussed several works where glasses
and crystals with the same compositions present E, values always lower
for the glass materials [49,50]. Eg results collected in Table 6 for direct
transition are very close to those found by Srinivasa et al. for Li;O-A-
1,03-Zr0,-Si0O4 glasses with WO3 concentrations between 1% and 5%
[51], while for the 100Z enamel the Eg values are very close to those
found by Wahab et al. for sodium silicate glasses with ZrO;, concentra-
tions between 0% and 20% [52]. Eg values for direct and indirect tran-
sitions show that the lower value is found for the 50/50-SZ enamel and
this must correspond with the large presence of NBOs bonds due to the
formation of a higher amount glassy phase and less crystalline material
as it was demonstrated in Fig. 7 and Table 5. A clear relationship is found
between NCA(%) and Eg (see Supplementary Material S7) but not with
its size NCA(s). On the other hand, the cut-off values follow an opposite
behavior to E; being higher for the 50/50-SZ enamel and lower values
for the un-mixed enamels. The observed shift towards longer wave-
lengths has been attributed to the increase in number of the NBOs, a
result that coincides with the variation of Eg [53]. The variation of both
cut-off and E; is assigned to the structural changes occurring in the glass

Table 6
Bandgap values for the obtained enamels.

Eg (eV)
Enamel Cut-off wavelength (nm) Direct Indirect
1008 302 3.97 3.43
75/25-SZ 316 3.85 3.28
50/50-SZ 326 3.76 3.15
25/75-SZ 318 3.90 3.20
100Z 310 3.93 3.24
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enamels as a result of the mixing of different glasses (SG and ZG).

The chemical analysis of the NCA (Table 3) allows estimating the
amount of NBO in the NCA. Such as in silicate glasses, each alkaline
cation is considered to provide one NBO whereas for alkaline earth
cations, each ion will provide two NBO. In the enamel sample 100 S,
which shows the lowest cut-off value, the proportion of NBO per mol of
GF is estimated to be about 2 mol NBO per mol GF (SiOy + WO3)
whereas, in the sample 50/50-SZ, this estimated ratio decreases to about
1/2 mol NBO/mol GF. The general trend, by plotting the cut-off value
with the estimated amount of NBO, considering the NM is that the
lowest is the amount of NBO, the higher is the cut-off value.

In summary, when different glass particles which crystallize into
scheelite or zircon are mixed to obtain glass-ceramic enamels with high
whiteness and SR, the interaction between such particles delays the
formation of scheelite and zircon crystals leading to remainders of a
glass phase in the material. The presence of this glass phase leads to the
increase in NBOs with lower Eg than the crystalline materials and, the
consequent decrease of the whiteness and SR.

5. Conclusions

In this work they have been investigated the structural, microstruc-
tural and optical properties of different enamels containing scheelite and
zircon crystals and their mixtures in order to determine their effect on
the solar reflectance and whiteness. These enamels were prepared from
the respective parent glasses and they were fired at 1170 °C. The amount
of WO3 and ZrOs in the parent glasses was selected to obtain crystals
with similar shapes, arrow-like crystals for scheelite and acicular for
zircon. For mixed glasses the high refractory behavior of the zircon glass
avoids flowing of the less refractory scheelite glass leading to a tem-
perature firing region where the scheelite glass (with lower viscosity)
does not spread over the substrate. When the highest firing temperature
is reached all glass particles flow and spread over the enamel and also
crystallize forming acicular, arrow-like and bipyramids crystals. Such
crystallization has been observed by XRD and Raman spectroscopy.
While both scheelite and zircon glasses lead to a whole crystallization in
the bulk enamel, their mixtures lead to the corresponding crystals and
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also to large non-crystallized areas which are higher for the 50-50
mixture. These non-crystallized areas have a glass network structure
where the concentration of non-bonding oxygens increases as the cut-off
and band-gap results indicated. The formation of these non-crystallized
areas leads to changes in the optical properties of the mixed enamels.
The lower crystallization decreases both the solar reflectance and
whiteness of the enamels and, therefore the mixture of different glasses
for obtaining different type of crystals cannot be adequate for increasing
the solar reflectance and the mitigation the UHI effect unless these non-
crystallized regions are suppressed.
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