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Abstract: Solid solutions of ceramic pigments of red shade have been synthesized based on YAIO3
perovskite structure doped with chromium by means of conventional synthesis; that is, the “ceramic
route”. To optimize this synthesis, an emphasis has been made on the study of stoichiometry,
calcination conditions and mineralizer incorporation. Various studies have demonstrated the high
stability of perovskite structures, which ensures stable coloration at high temperatures. This is a highly
important factor in the ceramic sector, given the scarcity of red glazes functional at temperatures
close to those required of porcelain stoneware and their environmental constraints. Such a limitation
makes it impossible in the European community to manufacture using toxic materials such as Se
and Cd (cadmium sulfoselenide) that offer interesting colors at low temperatures. Pigments have
been synthesized within the Y1 4CrxAlO3, YCrxAl; xO3 and Y1 xAly_yCrxiyO3 chromium-doped
systems in molar ratios between n = 0.01 molar and #n = 0.10 molar. The pigments obtained have been
characterized by X-ray diffraction to identify the crystalline phases responsible for the shade; that is,
the formation of the perovskite crystalline structure YAIO3 responsible for the red shade, together
with lateral phases of garnet Y3Al501, of lower intensity. Visible ultraviolet spectrophotometry
shows absorption bands corresponding to Cr(III) in octahedral position and the appearance of Cr(IV)
in both octahedral and tetrahedral positions. The morphology of the samples was studied using a
scanning electron microscope, obtaining information from the secondary and back scattered electrons.
The viability of its use in ceramic glazes was verified after applying them mixed at 4% by weight in a
glaze to an industrial porous single-firing cycle, collecting the L*a*b* chromatic coordinates using a
visible ultraviolet spectrophotometer based on the CIE L*a*b* system, giving rise to red colorations.
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1. Introduction

Due to the growing interest in obtaining red pigments with stability against various
production processes in the ceramic industry, such as porcelain stoneware with higher
demands for stability in the face of high temperatures or aggressive size reductions in inkjet
technology, new pigment structures have been studied and tested, using different transition
metals or rare earth metals [1-4]. One of the alternatives for red-shade pigments is based on
the chromium-doped YAIOj3 system [5,6]. The YAIO3 system was first studied by Goldsmith
in 1927 and since then it has been considered to be an interesting compound due to its high
thermal stability, optical and electrical properties. Yttrium compounds are widely used in
the manufacture of luminescent substances that give red color to television picture tube
pixels, such as europium-doped yttrium vanadate (YVOy) or europium-doped Y,0j3, as
well as applications in lenses with high-temperature resistance, infrared windows, lasers
and high intensity lamps. Of great interest are pigments based on the YAIO; system with a
perovskite structure with the general formula ABO3, whose structure can be described as a
compact cubic packing of anions, originating from 12-coordinated holes occupied by the
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larger cation A (Y(III)). The cation A (Y(III)) is surrounded by 12 oxygen ions, and a quarter
of the octahedral holes are formed by cations B (Al(III) and Cr(III), which are surrounded
by six oxygen ions. Cation A (Y(III)) is in the hole formed by eight neighboring octahedrons
that delimit a cube. The “ideal” perovskite structure presents a cubic symmetry; however,
in the yttrium (YAIOg3) perovskite, the structure is distorted in orthorhombic symmetry. The
incorporation of cations of different sizes can cause distortions in the network, modifying
the bond angles and giving rise to the ferroelectric phenomena, which are important
properties for technical applications of perovskite. The color is due to the incorporation
formation of Cr(IIl) ions (ion radius = 0.54 A), which replaces some Al(III) cations (ion
radius = 0.62 A) [3], causing an increase in the crystalline field on Cr(Ill) in octahedral
coordination. This phenomenon causes electronic transitions at higher energies between d
orbitals, producing red tones in the absorption spectrum. The intensity of the crystalline
field on the Cr(Ill) chromophore ion can be controlled by decreasing the Cr-O distance by
incorporating the A cation with elements of high cationic radius, such as the lanthanides.
Within this group, the cation Y3* stands out (ionic radius = 0.89 A), whose incorporation
increases the tetragonal distortion of the d orbitals of the Cr(Ill) ion, intensifying the
crystalline field [7-9]. The energy levels of Cr®* in an octahedral environment give rise
to absorption bands in the visible spectrum whose position determines the perceived
color, and which can be calculated according to the ligand field theory. The parameter of
the crystalline field is given by the wavelength of the first allowed transition 4A2g —>4T2g,
whose energy difference determines the value of said field. Part of the absorbed radiation
allows a second transition, 4A2g—>4Tlg, originating two wide absorption bands whose
threshold, or minimum, between bands cause coloration depending on the crystalline field,
so that in a weak crystalline field, the absorption band shows signals in the absorption of
yellow and blue that are reflected in green and red, giving rise to a green coloration. In
strong crystalline fields, the absorption bands move toward more energetic and shorter
wavelengths, reflecting in blue, causing the perception of red or purple color [6,10-12].
Within the YAIO; system, phases with a YAG garnet structure (Y3Al5017) can originate red-
brown colorations with 2 mol% chromium doping. Currently, the only pigment cataloged
by the DCMA is “uvarovite Victoria green” CazCr3SipO,. In YAG garnet, AI(III) occupies
both the octahedral and tetrahedral holes and Y(III) occupies the dodecahedral holes,
crystallizing in a cubic habit so that each octahedron is connected with six tetrahedrons
and each tetrahedron with four octahedrons. In this structure, the Cr(III) can occupy the
octahedral positions and the Cr(IV) can occupy the tetrahedral positions. Enhancement of
the crystalline field is achieved by doping the structure with smaller ions such as Ca(Il) or
Mg(II) so that Cr(IV) (ionic radius = 0.55 A) [13] can be incorporated into the octahedral
positions. Some studies report this complexity from increasing the crystalline field because
the structure is originally very relaxed and the difficulty of controlling the chromium
oxidation states in thermal processes, which gives rise to green shade [6,10,14].

In the present study, the synthesis conditions of the perovskite structure (YAICrOs3)
are optimized in order to use it as a red ceramic pigment (Figure 1).
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Figure 1. Theoretical structure of YAIO; [15]. Data retrieved from the Materials Project for YAIO3
(mp-3792) (database version v2022.10.28).

2. Materials and Methods

Ceramic pigments with a perovskite structure doped with chromium have been pre-
pared with the goal of optimizing stoichiometry and synthesis conditions. A solid-state syn-
thesis route has been used, using different types of flux agents and heat treatment conditions.

The reagents used in the preparation were aluminum hydroxide (Al(OH)3, 99% purity,
MERCK)), yttrium oxide (Y203, 99.5% purity, SIGMA ALDRICH) and chromium oxide
(Cry03, 99% purity, PANREAC). Moreover, calcium fluoride (CaF,, 99.5% purity, PAN-
REAC) [6] was added as a flux agent in 5% by weight. The nominal compositions prepared
are indicated in Table 1. The reagents mixture was homogenized in a planetary ball mill
with acetone dispersing medium, drying the resulting material. The powders obtained
were dosed in mullite crucibles and subjected to calcination cycles in a Nanetti (Model
FCN) furnace at a maximum temperature of 1500 °C with a heating rate of 10 °C/min and
360 min of dwell time at the maximum temperature [6]. The fired material was refined and
washed in an agate mortar.

Table 1. Nominal compositions prepared.

System Formula Composition Value

x =0.01
Y;_CryAlO; : - g:gé
x =0.10
x=0.01
YCrAly_Os XZ 8182
x=0.10

x=0.01y=0.01

x=0.01y=0.02

<-0ty-om

x=0.01y=0.03

x=0.03y=0.01

Color development of pigments prepared was tested, introducing them at 4% by
weight on a transparent industrial glaze and applying a single-fired ceramic test specimen
with a glaze thickness of 0.4 mm. The glazed tiles were subjected to an industrial cycle
of 1100 °C with 5 min at the maximum temperature with 50 min of total firing time (cold
to cold).
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In the Y.93Alp98Crp 0403 system, the study was carried out using thermal treatment
with the maximum temperatures between 1200 °C and 1500 °C and being at the max-
imum temperature for 2 and 6 h. The designated flux mix, used hereafter, was com-
posed of 3% NaF (99.5% purity, MERCK), 2% MgF; (99.9% purity, MERCK) and Li;COs
(99.6% purity, SIGMA ALDRICH) [5,11] introduced at a total of 6% by weight to optimize
firing conditions.

The chromatic coordinates of the pigments obtained in this study and the glazed
surfaces were determined using an ultraviolet-visible spectrophotometer based on the CIE
Lxaxb* system (KONICA MINOLTA, CM-36004, SpectraMagicNX d65 illumination and
2° observer). The crystalline phases present were obtained by X-ray diffraction (BRUKER
AXS, EndeavorD4, determination angles 5-70° 20 with acquisition time 2 s. 0.05° 20). The
absorption spectra at defined wavelengths were determined using model ultraviolet-visible
spectrophotometry using the UV-Vis-NIR Jasco V670 spectrophotometer measured in the
range of 200 nm and 800 nm.

3. Results
3.1. Crystalline Characterization of Systems Y1_,CryAlO3 and YCryAl;_,O3

X-ray diffractions of the samples fired at 1500 °C, using CaF, as a flux agent (Figures 2-5)
within the Y;_4CryAlO3 system to show the formation of the YAIO; perovskite structure
as the predominant phase responsible for the red coloration [6,10-14] together with signals
of minor garnet phase intensity Y3Al5015.
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Figure 2. XRD of sample Y g9 AlCr( ;O3 1500 °C/6 h with 5% w/w CaF; addition (+ garnet Y3Al501,
phase; * perovskite YAIO3 phase).
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Figure 3. XRD of sample Y( g7 AlCrg o303 1500 °C/6 h with 5% w/w CaF, addition (+ garnet Y3Al501,

phase; * perovskite YAIO3 phase).
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Figure 4. XRD of sample Y( 95 AlCrg 9503 1500 °C/6 h with 5% w/w CaF; addition (+ garnet Y3Al501,
phase; * perovskite YAIO3 phase).
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Figure 5. XRD of sample Y g9 AlCrg 19Oz 1500 °C/6 h with 5% w/w CaF, addition (+ garnet Y3Al501,
phase; * perovskite YAIO3 phase).

The intensity of the YAIO; signal in the diffraction peaks increased as the introduced
chromium content increased up to a maximum of 0.05 molar chromium. Higher additions
of chromium exhibited a greater presence of phase Y3Al5015, although of low intensity.

Visible ultraviolet spectrophotometry (Figure 6) showed the evolution of the absorp-
tion bands detected in the studied pigments, which gave rise to broad bands in the range
of wavelengths between 380 nm and 560 nm: the range associated with red coloration of
the pigment. The absorption spectra presented similar bands that differed in intensity with
the introduction of the chromophore ion.
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Figure 6. UV-Vis spectrophotometry of fired pigment 1500 °C/6 h with 5% w/w CaF, addition.
1. Y0.99A1Cr,0103; 2. Y0.97A1Cr0,0303; 3. Y0.95A1Cr0,0503; 4. Y0.90AlCr0,1003.

A greater signal intensity was observed in the red zone of the visible spectrum with
chromium doping in molar ratios of x = 0.03 molar and x = 0.05 molar. In the ultraviolet-
visible spectroscopy, signals appeared simultaneously with the presence of chromium in
different oxidation states, which shows the existence of several crystalline phases that
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coexist together. Signals around 400 nm and 500 nm may be indicative of the presence
of Cr(Ill) in an octahedral environment with electronic transitions 4Azg(4F)—>4T1g(4F)
and 4A2g(4F)—>4T2g(4F), respectively, within the perovskite structure as it reflected in red
in turn as signals close to 700 nm presented spin-forbidden electronic transitions: 4A2g
(4F)—>2T1g(2G). This signal could indicate the coexistence of Cr(IV) in tetrahedral coordi-
nation in the garnet structure with 3A2g (3F)—>3T1g(3F) transitions, which were also being
reflected in signals close to 480 nm with 3A2g (3F)—>3T1g(3P) transitions. The presence of
Cr(IV) in an octahedral environment could be indicative of signals close to 480 nm with
3T1g(3F)—>3Tlg(3P) electronic transitions to 380 nm signals with 3T1g(3F)—>3T1g(3P) transi-
tions and at 530 nm with transitions 3T1g (3F)—>3ng(3F). A broad band between 400 nm
and 550 nm is indicative of the presence of Cr(IV) in the garnet structure superimposed
on Cr(III) signals, indicating the simultaneity of signals and coexistence of perovskite and
garnet crystalline phases. The transition 3A,—>T, appears as a band in the visible spectrum
between 600 and 700 nm. The latter is responsible for the brown hue of systems with high
concentrations of Cr(IV) in the garnet structure [6,13,14,16].

The determination of the chromatic coordinates of the glazed tiles displayed a better
color development with a lower L* value (greater intensity) and a higher a* value (red col-
oration) with chromium doping in molar ratios between x = 0.03 molar and x = 0.05 molar
in the studied systems of Y;_,CrAlO;3 (Figure 7) and YAl _,CrOs (Figure 8). The succes-
sive molar additions of chromium doped in the studied structures gave rise to colorations
ranging from light pink to red-brown tones. The turn toward brown stands out more in
the case of the Y;_,CrxAlOj3 system, resulting in a completely brown sample (for x = 0.1),
while in the case of the YAl;_Cr,O3 system, the reddish tone was maintained for higher
chrome values before turning brown. Chromatic coordinates values are shown in Table 2.

a b c d
Figure 7. Color development of glazed tiles with fired pigment 1500 °C/6 h with 5% w/w CaF,
addition. (a) Yo.99AlCr0,0103; (b) Y0.97A1Cr0,0303; (€) Y0.95A1Cr0,0503; (d) Y0.90AlCr0,1003.

f g h
Figure 8. Color development of glazed tiles with fired pigment 1500 °C/6 h with 5% w/w CaF,
addition. (e) YAly.99Crp,0103; (f) YAlg.97Cro.,0303; (8) YAlg.95Cr0,0503; (h) YAlg.99Cro.100s.
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Table 2. Chromatic coordinates values of glazed tiles in the Y;_,CrxAlO3 and YCryAl; O3 systems.

Composition Color L* a* b*
Y0.99A1CI‘0‘01 03 Pink 60.44 30.31 23.48
Y0.97A1CI‘0.0303 Red 4.06 28.01 15.39
Y0‘95A1CI'0‘0503 Red 49.92 26.01 16.92
YO.90A1Cr0‘1003 Red-Brown 47.64 18.33 14.53
YA10_99 Cl‘o_()l 03 Pink 65.69 26.68 23.34
YA10.97CI'0.0303 Red 50.96 31.11 20.20
YA10.95CI’0'0503 Red 48.43 28.05 17.58
YA10_90 Cr0_1003 Red-Brown 47.34 2419 15.53

3.2. Crystalline Characterization of System Y1_yAly—,Cry.y O3

Chromium ratios in molar percentages between 0.02 molar and 0.04 molar have been
studied in the Y1y Al _yCrx4+yO3 system, whose stoichiometries and chromatic coordinates
are shown in Table 3. The samples tested have been synthesized with firing cycles at
1500 °C/6 h by using CaF, at 5% by weight, resulting in red-colored glazed tiles. In
subsequent studies detailed below, the firing conditions and the use of different flux agents
had been optimized to favor the reactivity of the solid-solid reactions in the stoichiometric
ratio Y 9gAlp 9gCrg 0403, whose chromatic coordinates offer a more intense red color (Table 3
and Figure 9).

Table 3. Chromatic coordinates values of glazed tiles in the Y;_xAlj_yCrx.yO3 system.

Composition Color L* a* b*
Y0.99A10.99CI‘0.0203 Red 45.64 26.11 14.17
Y0~99A10~98CI'0‘0303 Red 51.91 28.79 19.35
YO‘98A10.99Cr0‘03O3 Red 47.69 31.05 18.96
Y0.98A10.98C1‘0.04 03 Red 45.53 29.48 17.37
Y0~99 A10~97CI'0‘04 03 Red 53.63 29.99 22.66
Y0b97A10.99CI'0‘0403 Red 48.44 28.48 18.14

n

i j 1 m
Figure 9. Color development of glazed tiles with fired pigment 1500 °C/6 h with 5% w/w CaF, ad-

dition. (i) Y0.99Alg.99Cr0.0203; (j) Y0.99Al0.98Cr0.0303; (1) Y0.98Alg.99Cr0,0303; (m) Y0.98Al9.98Cr0.0403;
(n) Yo.97Alg.99Crp0403.

3.2.1. Firing Temperature

The chromatic coordinates of the glazed tiles with pigments synthesized at temper-
atures of 1300 °C, 1400 °C and 1500 °C displayed pink colors at low temperatures and
intense red at 1500 °C (Table 4 and Figure 10).
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Table 4. Chromatic coordinates values of glazed tiles in the Y 9gAly9gCrg0sO3 system at different
firing temperatures.

Temperature Color L* a* b*
1300 °C Pink 73.03 14.52 16.31
1400 °C Pink 70.01 18.29 18.25
1500 °C Red 45.64 26.11 14.17

o p q

Figure 10. Color development of glazed tiles with pigment Y(9gAlj9gCrg04O3 fired at different
temperatures (o) 1300 °C; (p) 1400 °C; (q) 1500 °C.

X-ray diffractograms exhibited a greater synthesis reaction with temperature, a greater
appearance of the YAIO; perovskite structure and a less intense garnet signal (Figure 11).

1500°C

1400°C

1300°C

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2(theta)

Figure 11. XRD pattern of pigment Y93AlpggCrg04O;3 fired at different temperatures 1300 °C;
1400 °C; 1500 °C (+ garnet Y3Al501; phase; * perovskite YAIO3 phase).

Perovskite crystalline phase formation with temperature on ultraviolet-visible plots
can be identified by an absorption band around 500 nm, which is indicative of the presence
of Cr(III) in octahedral coordination (Figure 12). This absorption band increased its intensity
from an absorbance value of 0.55 for 1300 °C to 0.6 for 1400 °C to 1.3 for 1500 °C. From
330 nm to 600 nm, a broad band was observed in which different chromium oxidation
states may have intervened, which could indicate the coexistence of Cr(IV) signals between
380 nm, 400 nm and 520 nm, indicating the presence of a garnet structure.
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Figure 12. UV-Vis spectrophotometry of pigment Y 9gAlg 9gCrp 04O3 fired at different temperatures.

SEM micrographs showed the morphology of the fired pigment at 1500 °C, which

was crystallized in a cubic shape (Figure 13) and whose size ranged from slightly less than
1 pum to 2 pm. Results obtained through the signal of backscattered electrons (Figure 14)
displayed a compositional homogeneity of high molecular weight throughout the sample.

Figure 13. SEM micrography of pigment Y 9gAlg 9sCr004O3 fired at 1500 °C.
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Figure 14. SEM micrography with backscattered detector of pigment Y( 9gAly9gCrg04Os3 fired at
1500 °C.

3.2.2. Flux Agent Mix Change

The pigments prepared with a mixture of flux agents made up of 3% NaF, 2% MgF,
and 1% Li;COj3 have been heat treated with firing cycles between 1200 °C and 1500 °C
with dwell time at the maximum temperature from 2 h to 6 h. The chromatic coordinates of
the glazed tiles (Table 5) showed the correct development of color at lower temperatures,
offering intense colors from 1200 °C (Figure 15) and even with shorter retention times, with
similar color development at 1300 °C (Figure 16). From the colorimetric point of view, it is
the sample calcined at 1400 °C for 6 h that presented the most interesting color (Figure 17).
At 1500 °C, the melting of the material had taken place and it had not been possible to use
it as a ceramic pigment.

Table 5. Chromatic coordinates values of glazed tiles in the Y( 93 Aly 9gCrg04O3 system at different
firing temperatures and retention times.

Temperature Time (h) Color L* a* b*

1200 °C 2 Brown-red 65.23 24.08 23.61

6 Red-brown 61.62 27.92 24.59

2 Brown-red 63.05 26.82 2441

1300 °C 4 Brown-red 62.92 25.69 24.06

6 Red 59.10 29.71 24.76

o 2 Red-brown 62.94 25.10 23.36

1400 °C 6 Red 58.00 28.43 2259
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Figure 15. Color development of glazed tiles with pigment Y(9gAlg9gCrp04O3 with flux agent
mixture fired at (r) 1200 °C/2 h; (s) 1200 °C/6 h.

t u v

Figure 16. Color development of glazed tiles with pigment Y(9gAlg9gCrp 04O3 with flux agent
mixture fired at (t) 1300 °C/2 h; (u) 1300 °C/4 h; (v) 1300 °C/6 h.

w X

Figure 17. Color development of glazed tiles with pigment Y(9gAlg9gCrp 04O3 with flux agent
mixture fired at (w) 1400 °C/2 h; (x) 1400 °C/6 h.

X-ray diffraction displayed the formation of the predominant perovskite phase with
high signal intensity (Figure 18).

Visible ultraviolet spectrophotometry (Figure 19) displayed broad absorption bands in
the range between 400 nm and 600 nm that were very similar in intensity.
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Figure 18. XRD pattern of pigment Y 93 Alg 9gCrp 04O3 with flux agent mixture fired at 1400 °C/6 h
(+ garnet Y3Al501, phase; * perovskite YAIO3 phase).
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Figure 19. UV-Vis spectrophotometry of pigment Y( 9gAlg 9gCrp 0403 fired with different flux agents.

4. Conclusions

Red-colored ceramic pigments were synthesized and optimized within the chromium-
doped YAIOj; system. After studying various stoichiometries, red-shades were observed
in Y1_xAlCrO3, YAl xCrxO3 and Y1_xAlj_yCrxiyO3 systems with chromium additions
between 1 = 0.03 molar and 7 = 0.05 molar. Lower chromium doping showed pink colors,
and higher doping offered shades that turned toward brown. The samples were applied
in an industrial firing tile cycle and their L*a*b* chromatic coordinates were read in an
ultraviolet-visible spectrophotometer following the CIE L*a*b* model. By X-ray diffraction,
two crystalline phases of perovskite YAIO3 (responsible for the red coloration) and garnet
Y3Al501; appeared, the latter being a minority phase. In the Y;_4AlCr O3 system, where
x took the values of (0.01, 0.03, 0.05 and 0.10), the X-ray diffraction showed predominant
peaks of perovskite with the presence of garnet that increased in intensity and signals as
the amount of chromium introduced increased until x reached 0.05 as the phase decreased;
finally, x reached 0.10 as the intensity decreased. This, in turn, increased the garnet phase
and gave rise to a more brownish color. Through exploration with UV-Vis, octahedral
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Cr(IlI) signals belonging to the perovskite structure were revealed, as well as Cr(IV) signals
in the tetrahedral position and Cr(IV) in the octahedral position, as belonging to the
garnet structure. To favor solid-solid reactions and lower calcination temperatures, the
addition of fluxes was necessary. The colorimetric results showed that as the calcination
temperature increased, the color intensity increased, decreasing the value of L* (luminosity)
and increasing the value of a* (red), with the best color development offered by the addition
of CaF, as the flux was fired at 1500 °C/6 h and optimized at temperatures of 1400 °C/6 h
with the incorporation of the mixture of flux mix. With a progressive increase in the firing
temperature, a greater sintering of the pigment originated, giving rise to an increase in its
crystallinity, which was identified by the peaks of greater intensity of the perovskite phase
in the X-ray diffraction and progressive decreasing in the garnet phase. This phenomenon
was also observed in the ultraviolet-visible absorption bands, which exhibited identical
signals that increased as the temperature of the calcinate increased. Scanning electron
microscopy (SEM) micrographs showed particle sizes below 1 um to 2 pm, with crystalline
formations of cubic morphology that may be indicative of the presence of perovskite with a
distorted cubic to orthorhombic structure together with the garnet phase crystallized in the
cubic form.
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