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a  b  s  t  r  a  c  t

This article investigates the development and potential applications of low-melting point

lead-free glasses. Their importance is due to strong market demands to comply with

the  strict international regulations against the use of lead. In this work, a preliminary

study of the existing interactions of a low-melting-temperature glass belonging to the

P2O5–CaO–Na2O system when it is deposited on different ceramic substrates, both tradi-

tional (porcelain stoneware) and technical (alumina and zirconia), has been carried out. The

ionic  diffusion through the studied interfaces, the phases present, the composition of the

glassy phase and the surface morphology of the coating have been studied by Field Emission

Scanning Electron Microscopy (FESEM), with coupled EDX microanalysis. The chemical resis-

tance of the different glassy coatings obtained is also evaluated. The results showed that

these new lead-free low-melting-temperature glassy coatings are chemically and mechan-

ically compatible, and promising candidates for applications and markets in a broad range
of  fields.
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-melting temperature belonging to the P2O5–CaO–Na2O system, applied
as a coating on technical ceramics (alumina, zirconia) and traditional ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),
https://doi.org/10.1016/j.bsecv.2023.07.003
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Vidrio  de  baja  temperatura  de  fusión  perteneciente  al  sistema
P2O5-CaO-Na2O,  aplicado  como  revestimiento  sobre  cerámica  técnica
(alúmina,  circona)  y  tradicional  (gres  porcelánico)

Palabras clave:

Bajo punto de fusión

Vidrio libre de plomo

Recubrimiento

Alúmina

Circona

Gres porcelánico

r  e  s  u  m  e  n

Este artículo investiga el desarrollo y aplicaciones potenciales de los vidrios sin plomo de

bajo  punto de fusión. La importancia de estos materiales se debe a las fuertes demandas del

mercado por las estrictas normativas internacionales contrarias a la utilización del plomo.

En  este trabajo se ha realizado un estudio preliminar de las interacciones existentes de un

vidrio  de baja temperatura de fusión, perteneciente al sistema P2O5-CaO-Na2O, cuando se

deposita sobre diferentes sustratos cerámicos tanto tradicionales (gres porcelánico) como

técnicos (alúmina y circona). Mediante un estudio por microscopía electrónica de barrido

con  emisión de campo (FESEM) con microanálisis EDX acoplado, se han evaluado la difusión

iónica a través de las interfases estudiadas, las fases presentes, la composición de la fase

vítrea y la morfología superficial del recubrimiento. Además, se ha evaluado la resistencia

química de los recubrimientos vítreos obtenidos. Los resultados muestran que son química

y  mecánicamente compatibles con las cerámicas tradicionales y técnicas. Estos resulta-

dos  convierten a estos vidrios sin plomo y de baja temperatura de fusión en prometedores

candidatos para un amplio rango de aplicaciones y mercados.

©  2023 Los Autores. Publicado por Elsevier España, S.L.U. en nombre de SECV. Este es un

s baj
artı́culo Open Acces

Introduction

The most important challenge nowadays in the field of low-
melting glass materials (softening temperatures < 600 ◦C) – a
consolidated and key technology for a wide range of industrial
and consumer products – is to obtain ecofriendly alternatives
to lead-containing glass products.

Currently, technology includes uses for sealing applica-
tions for electronics [1–3] as a glass matrix for thick-film
materials (circuit carrier) and passive components (resistors,
condensers, resonators, etc.), for encapsulation of organic
light emitting diode (OLED) [4] and many  microelectrome-
chanical system (MEMS) devices [5–7], such as resonators,
gyroscopes and tunnelling sensors. While most low-melting
glasses are used for sealing, there are several significant appli-
cations for fuel cells, systems in solar energy devices, nuclear
waste immobilization, together with overglazing of automo-
tive, packaging and architectural glass [8].

The most classical low-melting glass materials based
on the PbO–B2O3 system integrated in commercial devices
present an important environmental impact due to the high
toxicity of the lead oxide (PbO). Sources of contamination
are the material components and waste generated during
mechanical and other types of post-processing of the prod-
uct, making its replacement necessary as also indicated in the
directives adopted by the European Union (EU) for the exclu-
sion or substitution of hazardous substances in electrical and
electronic devices [9,10]. Accordingly, lead-free low-melting
point glasses have a wide range of applications and great
prospective future in electronic industry because of their low
sealing temperature and respect for the environment.
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 
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On the other hand, it is not environmentally friendly to
use a large amount of energy in processing materials at high
temperature. Specifically, energy saving is an important issue
o la licencia CC BY (http://creativecommons.org/licenses/by/4.0/).

with different approaches, from glass to ceramic industry sec-
tor. All these industries are characterized by the prolonged
operation of high-temperature kilns and furnaces; not only a
large amount of energy is consumed during the production
process, but also the energy cost is a significant percentage
of the total production costs. The implementation of energy
saving technologies, therefore, is imperative for reasons that
have to do both with the worldwide energy crisis and environ-
mental degradation, as well as with product cost reduction.
In this regard, the tile industry dominates the ceramic sector
and is the most competitive, demanding the lowest produc-
tion costs and the highest productivity [11]. A great quantity
of thermal energy is consumed in ceramic tile manufacture,
mainly in the firing stage. In fact, producing just one tonne of
ceramic tiles requires 1.67 MWh  of energy [12]. Reducing the
environmental impact can be achieved by modifying the com-
positions of low-melting glass materials while maintaining
their functional characteristics or by improving their man-
ufacturing technology process, associated with lowering of
firing temperatures.

In this context, many  researchers have been investi-
gating lead-free low-melting glass systems alternatives, for
example ZnO–B2O3, R2O–Sb2O3 (R = Li, Na,  K), BaO (SrO,
CaO)–Bi2O3–B2O3, SnO–ZnO–P2O5, R2O–ZnO–P2O5, and others
[13–25]. Zinc-borate glasses exhibit high softening temper-
atures in the range >600 ◦C. Antimony oxide presents high
volatility, which complicates the synthesis of these glasses
with low chemical stability. Bismuth borate glasses show low
electric insulation properties. Most phosphate glasses do not
satisfy the requirements in terms of chemical stability or they
are characterized by heightened values of the softening tem-
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

peratures.
In this work, the interactions between a low-melting glass

coating belonging to the P2O5–CaO–Na2O system, on different

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 1 – Location of the composition of glass within the
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Table 1 – Solutions and residence times used for the
determination of chemical resistance.

Test solution Test time

Acids and bases (weak concentrations)
Hydrochloric acid (dens. 1.19 g/ml) 3% 96  h
Citric acid 100 g/l 24  h
Potassium hydroxide 30 g/l 96 h
ernary system P2O5–CaO–Na2O.

dvanced technical and traditional ceramic substrates have
een studied. During the heat treatment, the glaze must be
onsidered as a heterogeneous system changing its aggrega-
ion state, that is accompanied by structural modifications of
he formed melt and of its phase composition as well. The final
bjective will be to evaluate whether the new designed glasses
b-free satisfy both the low processing temperature and the
echanical and chemical compatibility requirements.

ethodology  and  materials

lass  preparation

lass belonging to the ternary system P2O5–CaO–Na2O
13] was synthesized starting from the mixture of 83 wt.%
f sodium hexametaphosphate (Na15P13O40, Sigma–Aldrich)
nd 17 wt.% of dicalcium phosphate (CaHPO4·2H2O, Sigma-
ldrich), being its chemical composition (% in weight) the

ollowing: 65.60% P2O5, 5.76% CaO and 28.64% Na2O. The pre-
ursors were weighed in a Pt–10% Rh crucible. The final heat
reatment to melt the mixture was at 900 ◦C for 1 h stay. The

elt was cooled by pouring it into a water-cooled stainless-
teel container. In Fig. 1, the situation of the composition
btained within the ternary system can be seen.

The glass was ground and sieved below 63 �m and then
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 
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eposited on each of the corresponding ceramic surfaces.
he amount of the glass powder deposited on each of them
as always controlled to be 0.05 g/cm2. On the other hand,

nother glass has also been formulated to which 1 wt.% Co2O3
(Panreac, Spain) was added to achieve a blue colouration in
the final glassy coating.

Characterization  of  the  glass

For the characterization of the glass, X-ray diffraction (Bruker
D8-Discover, UK) using Cu radiation (K�)  was used. The
glass characteristic temperatures were analyzed by differen-
tial thermal analysis (DTA, TA Instruments, Q600, USA) with
a heating rate of 10 ◦C/min up to 650 ◦C. In addition, the
thermal characterization was also performed by Hot Stage
Microscopy (HSM) using a side view optical microscope EM
201 with a computerized image  analyser system and an elec-
trical furnace Leica 1750/15. The powder glass samples were
cold pressed in cylindrical dimensions (2 mm × 4 mm),  and the
measurements were conducted in air and with a 10 ◦C/min
heating rate up to the flow temperature, using a ceramic
support containing a Pt/Rh (6/30) thermocouple. The tempera-
tures corresponding to the characteristic viscosity points (first
shrinkage, maximum shrinkage, softening, half ball and flow)
were obtained from the photomicrographs taken during the
hot-stage microscopy experiment following the standards DIN
51730-1998 and ISO 540-1995. Additionally, the HSM software
calculates the percentage of decrease in area of the sample
images. The coefficient of thermal expansion of the glass was
calculated using a dilatometry equipment (Netzsch DIL402C,
Germany).

Different disks of technical ceramic with density > 99%
have been used as substrates: (i) TM-DAR alumina (99.9%
purity) from Taimei (Japan), and (ii) PSZ magnesia-doped zir-
conia (3% mol) from Unitec Ceramics (USA). Also, commercial
glazed porcelain stoneware slabs (Castellón, Spain) were used.
The study by microscopy and semi-quantitative microanalysis
was carried out in a FESEM (FEI: Quanta FEG 650, USA). Previ-
ously, after their heat treatments, the specimens were first
cross-sectioned, then prepared with SiC papers (4000) and,
finally, polished with diamond cloths down to 6 and 3 �m.
All the specimens were metallized with a nanometer layer of
carbon for their observation by FESEM and subsequent micro-
analysis by EDX.

The chemical resistance was evaluated following the
method described in the UNE-EN ISO 10545-13:2017 standard
[26], which consists in the application of a certain volume of
reagent on the surface of the tiles during a certain time. The
concentration of the solutions used and their residence time
on the specimens to be tested are detailed in Table 1.
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 2 – DTA curves obtained for the glass showing the
exothermic crystallization temperature peak (Tc) and
endothermic melting temperature peaks (Tm1 and Tm2).

Fig. 3 – Variation in area of glass samples on the two types
of substrates (alumina and porcelain), and
photomicrographs of the shape glass sample evolution

Fig. 4 – Glass coatings on porcelain tile. (A) Aspect of the
uncoated porcelain tile, (B) coating under a heat treatment
of 875 ◦C/2 h, and (C) coating with the glass doped with
cobalt oxide and under the same heat treatment
(875 ◦C/2 h).

Fig. 5 – Glass coatings on alumina disks (A), zirconia 3%
mol  MgO  disks (B) and glass doped with 1% weight of
cobalt oxide on a zirconia–magnesia substrate (C). The heat
during the HSM measurement.

Results

The differential thermal analysis (DTA) curve is shown in
Fig. 2. The exothermic signal at ∼425 ◦C can be ascribed to the
crystallization of the glass (Tc). The two endothermic peaks
(Tm1 and Tm2) at 500 and 550 ◦C are attributed to the melt-
ing of crystalline phases precipitated during the heating of
the glasses. These values are in good agreement with the
DTA results obtained in a similar glass composition studied
in a previous work [13], where the exothermic crystallization
and endothermic melting temperature peaks were found to be
Tc = 435 ◦C and Tm = 530 ◦C, respectively.

In Fig. 3, the decrease in the area of the sample as a function
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 
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of the temperature may be observed. The glass crystallization
temperature of the glasses, Tc, obtained by DTA measurements
is indicated. Complete densification takes place before the
treatment carried out was 775 ◦C/4 h.

crystallization temperature. Additionally, the micrographs of
the specimens resulting from the hot stage microscopy tests
have been included in the figure, and record the main vari-
ations in their physical profile with increasing temperature.
The temperature values at which softening (490 ◦C), half ball
(590 ◦C) and flow (611 ◦C) take place are shown. The shrinkage
points were not detected in these experimental conditions, as
no physical changes are visible from the initial stage until the
softening point.

Figs. 4 and 5 show the macro-surface appearance of the
glass coatings on the different substrates tested. Two heat
treatments were carried out: at 775 ◦C and 875 ◦C with resi-
dence times of 2 and 4 h. In Fig. 4A, the glass deposited on the
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

porcelain stoneware can be observed. A colour change can be
seen in Fig. 4B (white colour) and C (blue colour). In the case of
technical ceramics (Fig. 5), the glass coating is transparent and,

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 6 – X-ray diffractogram of the: (A) synthesized glass
and (B) heat-treated glass at 875 ◦C/2 h and cooled into the
furnace at 1 ◦C/min.
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out (alumina, porcelain). For this reason, and taking into
account the Stokes–Einstein equation [27] (D ≈ KB T/��, where
herefore, the white colour of the alumina substrate (Fig. 5A)
nd the yellow colour of the zirconia substrate (Fig. 5B) are vis-
ble. In Fig. 5C, the glass doped with 1% weight of cobalt oxide,
howing the typical blue colouration, on a zirconia–magnesia
ubstrate is shown.

Fig. 6 shows the X-ray diffractogram of the glass, where
he typical hump of amorphous materials can be seen. For
omparison purposes, the XRD pattern of this glass after a
eat treatment at 875 ◦C for 2 h and cooled into the furnace
t a slow speed of 1 ◦C/min is also shown. A calcium sodium
hosphate, CaNa4O18P6, precipitates as the majority phase in
ood agreement with the equilibrium diagram of Fig. 1.

In Fig. 7, the microstructure of the cross section of the
lassy coating on the alumina plate can be seen. The melt
ts perfectly to the alumina surface, being the heat treatment
sed 775 ◦C/2 h. EDX microanalysis shows the presence of a
mall proportion of Al in the upper layer (Fig. 7, microanaly-
is 1) coming from the substrate, which results in the bright
hitish colour of the surface, while in the lower layer, pure

lumina, no cation coming from the coating is detected. The
resence of superficial crack patterns on the coating surface
an be observed.

The cross section of the 3 wt.% MgO  zirconia substrate
oated with the glass doped with 1 wt.% cobalt oxide is shown
n Fig. 8. The heat treatment corresponding to this sample
as 875 ◦C/2 h. As can be seen in the micrograph (Fig. 8A),
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 
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 neat contact between the ceramic substrate and the glass
oating can be observed, as well as idiomorphic crystals rich
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in calcium phosphate that appear in the contact zone. EDX
microanalyses taken in different areas are plotted in Fig. 8.

Regarding the coating of porcelain tile with glass, a study
of the interactions between the two materials was carried out,
taking into account two heat treatments at 775 ◦C and 875 ◦C
and with two final holding times: 2 h and 4 h. Figs. 9 and 10
show the microstructures of the polished cross-sections of
the heat treatments carried out at 775 ◦C with 2 h and 4 h of
holding time.

Referring to Fig. 9, it is noteworthy that the layer of glass
fits perfectly to the relief of the original porcelain substrate;
however, after the heat treatment for 2 h, its chemical compo-
sition changes compared to the original one. Thus, throughout
the thickness, it can be seen that there has been a microdiffu-
sion of ions rich in silica and also in aluminium from the glaze
substrate of the starting porcelain.

In Fig. 10, other microstructures can be observed by FESEM
under the same heat treatment, but with a residence time
twice as long as the previous one: 4 h. This figure shows the
average chemical composition of the engobe-glaze assembly
and the chemical composition of the starting glass (Fig. 10A).
In Fig. 10B, the microstructure of the glazed layers can be seen
in detail, where in the contact zone of the glass coating on the
porcelain tile substrate, there are two compositional zones due
to the existing reactions and the subsequent diffusion of the
cations present in both the porcelain tile glaze and its engobe.
Specifically, there is a layer of about 60–65 �m where there is
an important fraction of cations (Al, Si, Mg,  K, Ba and Zn) that
are not present in the original composition of the glass, which
are responsible for the whitish colouration of the final glaze
(Fig. 4B). The other continuous layer below of about 25 �m is
rich in Si, and is the result of the reorganization of the dark
grey precipitates (Fig. 9A) with increasing holding time of the
heat treatment. EDX microanalyses corroborate this fact as
can be seen in positions (1)–(3) of Fig. 10.

The pieces thermally treated at 875 ◦C/4 h were considered
to be tested against both acid and alkaline attack, according to
the conditions established by standards ISO 10545. In Fig. 11,
the surface appearance of the treated pieces can be observed,
where the treatments with citric acid and potassium hydrox-
ide seem unalterable after being washed. On the other hand,
when the attack with hydrochloric acid is evaluated, a super-
ficial deterioration is observed with loss of shine of the piece.
The results showed that the coating exhibits chemical stability
at an acceptable level.

Discussion

In this work, a Pb-free low-melting point glass with an
environmentally compatible non-toxic chemical composition
has been selected [13]. As shown in Fig. 2, this glass has an
endothermic melting temperature peaks in the DTA located
at 500 ◦C and 550 ◦C. Additionally, a flow point is reached
at 611 ◦C, regardless of the support substrate on which the
high-temperature optical microscopy test has been carried
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

D is the diffusivity; KB is the Boltzmann constant, T is the
temperature (K); � is the diameter of the diffusing molecule;

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 7 – (A) FESEM observation and EDX analysis of the cross section of the glass on the alumina disc. The heat treatment
performed was at 775 ◦C/2 h. (B) Surface of the coated sample at different magnifications. The presence of micro-cracks due
to the stresses generated by the different coefficients of thermal expansion between the substrate and the coating can be
observed.
� is the viscosity), the heat treatment temperature for the
coatings was chosen to be around 200 ◦C above the mentioned
fluidity temperature (775–875 ◦C), in order to facilitate the
diffusion and exchange of ions through the coating/substrate
interface and, consequently, to be able to modify their
chemical composition and increase its chemical stability.

This transfer of ions at the glass/substrate interface has
been widely achieved in the temperature range studied. As
can be seen in Fig. 7, in the case of the alpha-alumina sub-
strate at 775 ◦C, alumina dissolution has been produced at the
interface, which has been incorporated into the glass com-
position (≈6.6 Al at.% was detected) making it more  durable
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 
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than traditional phosphate glasses [28]. In this particular case,
the presence of surface microcracking is due to the large
difference between the coefficients of thermal expansion of
the alumina substrate (7.2 × 10−6 ◦C−1) and the glass coating
(24 × 10−6 ◦C−1) [29].

In the case of the Mg–Zirconia substrate (Fig. 8), a perfect
glass–ceramic adhesion, free of microcracks, is observed. A
precipitation of isomorphic crystals of calcium and sodium
phosphate along the interface, with sizes ranging between 0.1
and 1 �m,  is detected. This fact is in good agreement with the
equilibrium diagram of Fig. 1 and with the X-ray diffraction
pattern of the original glass thermally treated at 875 ◦C for
2 h (Fig. 6). The composition of the glassy phase was notably
modified, drastically decreasing its Na2O and P2O5 content,
as can be seen in the corresponding EDX analyses. Such effect
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

induces a greater resistance to chemical attack of the final
glaze obtained. In this particular case, because of the higher
value of the thermal expansion coefficient of the PSZ substrate

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 8 – Cross section at different magnifications of the 3 wt.% MgO  zirconia substrate coated with the glass doped with
1 wt.% cobalt oxide. EDX microanalyses taken in different areas of the interface are showed. In (A) the calcium phosphate
microcrystals can be seen in the contact zone between the two dissimilar surfaces.

(
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o
o
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a
w
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t
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tion, reorganizes and increases its thickness during the heat
11 × 10−6 ◦C−1), an excellent adhesion is achieved, and also
 good mechanical coupling that prevents the appearance
f superficial microcracks. Furthermore, through a detailed
bservation of the glassy coating/PSZ interface shown in the
EM micrographs of Fig. 8, it can be deduced that the zone of
pproximately 30 �m deep of the zirconia substrate in contact
ith the coating is apparently denser and more  absent of
ores than the rest of the substrate. This fact could be due
o a diffusion/wetting process of the glassy phase of the
oating through the zirconia grain boundaries improving the
nchorage of the coating as well as its mechanical stability.
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 

https://doi.org/10.1016/j.bsecv.2023.07.003

In the case of porcelain tile, the substrate on which this
ow-melting point glass has been deposited, corresponds to

 commercial ceramic glaze with a high silica and alumina
content (≈50 wt.%, 22 wt.%, respectively). Therefore, in this
particular case there is a high driving force �G  < 0 that favours
the diffusion of the Si4+ and Al3+ ions from the ceramic
glaze to the glass at the interface, as clearly observed in the
FESEM micrographs corresponding to the cross section of the
glass/porcelain tile treated at 775 ◦C (Figs. 9 and 10). In these
figures a high concentration of silica at the glass/glaze inter-
face can be seen. The Si4+ has migrated from the original glaze
to the glass. This silica-rich layer precipitates probably in the
form of cristobalite [30] when it reaches a certain concentra-
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

treatment, reaching about 25 �m after 4 h. The composition of
the top glassy phase has been significantly modified with Al,
Ba and Zn ions (according to the EDX analysis), which have

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 9 – FESEM micrographs and EDX microanalyses corresponding to the cross section of the glass/porcelain tile treated at
775 ◦C/2 h.
migrated from the original glaze of the porcelain tile. Due to
this ionic interdiffusion, it has been possible to modify the
original composition of the glass during the heat treatment.
Taking into account that the chemical stability of phosphate
glass is generally poor, that greatly limits its applications [31].
This fact allows to improve its chemical stability, for instance
to the citric acid and the alkaline one, as can be seen from
the tests of resistance to chemical attack (Fig. 11). Therefore,
the ionic interdiffusion data obtained in this work open up
the possibility of designing ad hoc compositions that can sat-
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 

https://doi.org/10.1016/j.bsecv.2023.07.003

isfy the strict requirements of applications with higher added
values, e.g. microelectronics, surface decoration, etc.

In this preliminary study, it has been shown that low-
melting point glasses belonging to the P2O5–CaO–Na2O system
(free of highly polluting heavy metals, such as Pb, and
with a non-toxic chemical composition, totally compatible
with the environment) with an appropriate compositional
design can be used in both the field of traditional ceram-
ics and the field of technical ceramics. Considering that
a significant application of low melting glasses free of Pb
is in the field of decorative ceramics, it is important to
point out that the addition of 1 wt.% of Co2O3 in the glassy
matrix original free of SiO2, induced an intense blue colour
(Fig. 5), as it has been reported in the literature for commer-
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

cial non-toxic and traditional silicoaluminate based glazes
[32–34]. As far as we know, no data have been reported in
literature on this topic in P2O5–CaO–Na2O glasses free of
silica.

https://doi.org/10.1016/j.bsecv.2023.07.003
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Fig. 10 – FESEM micrographs and EDX microanalyses corresponding to the cross section of the glass/porcelain tile treated at
775 ◦C/4 h. In the EDX microanalysis of the glass layer (1), the cations incorporated which are not present in the original
glass composition are marked as green in the list.

Fig. 11 – Chemically attacked porcelain tiles with the glass
coating thermally treated at 875 ◦C/4 h. The glass coatings
were  more  exposed to hydrochloric acid attack (A) and less
sensitive to the citric acid (B) and the alkaline one (C).

sition (i.e., in the case of ceramic tiles or alumina dense
substrates), as well as (b) the phase relationship of the orig-
inal glassy coating through nucleation and growth of new
phases (i.e., calcium phosphate at the interface in Mg–ZrO2
Please cite this article in press as: L.A. Díaz, et al., Glass with a low-mel
as a coating on technical ceramics (alumina, zirconia) and traditional 

https://doi.org/10.1016/j.bsecv.2023.07.003
Conclusions

The following conclusions can be stated:

1. Starting from a low-melting point glass belonging to the
P2O5–CaO–Na2O system, free of heavy metals such as Pb,
glassy coatings can be manufactured at 775-875 ◦C, which
is the temperature range commonly used in the ceramic
industry for the application of decorative coatings. The
glassy coatings obtained exhibit good chemical compat-
ibility and mechanically integrity with both traditional
ceramic substrates (porcelain tiles) and technical ceramics
(zirconia).

2. During the heat treatment, an ionic exchange takes place
with the substrate, that modifies (a) the chemical compo-
ting temperature belonging to the P2O5–CaO–Na2O system, applied
ceramics (porcelain stoneware), Bol. Soc. Esp. Cerám. Vidr. (2023),

https://doi.org/10.1016/j.bsecv.2023.07.003


ARTICLE IN PRESSBSECV-385; No. of Pages 11

d e c 

r

10  b o l e t í n d e l a s o c i e d a d e s p a ñ o l a 

substrates) which would improve both its chemical stability
and its mechanical stability.

3. We  understand that this fact opens up a panoply of
application possibilities for these Pb-free low-melting-
temperature glasses, both in the field of microelectronics
and traditional ceramics.
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