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Abstract

There is a current need of different ways to obtain red colored systems. One way could be the intensification of the crystal field of
the chromium(III) ion when it substitutes for aluminum(III) in the corundum structure (a-Al2O3). In the present work, solid solu-
tions with perovskite structure ABO3 were prepared in the system Nd1�xYxAl1�yCryO3 using both conventional solid state synth-
esis and coprecipitation. The synthesized structures were characterized structurally and microstructurally, thus determining the

nature and purity of the resulting phases. A discussion is given in terms of crystal chemistry. Finally, the synthesized solid solutions
were tested as ceramic pigments in enamels by measuring the chromatic coordinates, CIE-Lab.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is current interest in the ceramic industry for
developing more stable pigments that present intense
tonalities and which are in agreement with the techno-
logical and environmental requirements. The present
investigation was directed towards developing ceramic
pigments with red, intense tonality, which are very pro-
blematic at the moment. Currently, there are industrial
ceramic pigments with red or reddish-brown hues,
which present the following structures:1

� Pink malayaite, CaSnSiO5:Cr2O3 (DCMA no.
12-25-5);2,3

� Pink corundum, Mn–Al2O3 (DCMA no. 3-04-5);2

� Pink coral zircon, Fe–ZrSiO4 (DCMA no.14-44-
5);2

� Red CdSexS1�x encapsulated in zircon struc-
ture;4

� Reddish-brown Ce1�xPrxO2 with fluorite struc-
ture.4

The only pigment that presents an intense red tonality
is the cadmium sulfoselenide. The use of this compound

is limited by its low thermal stability. It decomposes in
oxidizing atmospheres at temperatures above 600 �C.
Another dificultis is the high toxicity of the materials
used in its manufacture.4

The iron(III) in the pink-coral zircon pigment experi-
ences reduction at high temperature with formation of
variable contents in Fe(II) which implies modification of
the color. The obtaining of new non-toxic ceramic pig-
ments with high temperature stability requires searching
for new host structures and new synthesis methods
involving less toxic materials, which must be still more
economically profitable.
These materials can be replaced by refractory oxides

as the yttrium and aluminum oxide, which generally have
a low toxicity rating. The yttrium and aluminum per-
ovskite structure exhibits a great thermal stability, chemi-
cal resistance, little is known concerning its properties,
quality and possible applications in ceramic glazes.
The octahedral coordination5 in the perovskite struc-

ture is appropriate for introducing the chromium(III)
ions, modulating this octahedral environment towards a
strong crystal field, providing the red color.
On the other hand the high temperature of synthesis

(1400, 1500 �C) does not permite the presence of
chromium(VI) ions which are toxic.
There are different manners of obtaining red hues. One

way could be exemplified by the intensification of the
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crystal field of the chromium(III) ion when it substitutes
for aluminum(III), in the corundum structure (a-Al2O3).
In this case, the electronic transitions between d-electron
orbitals in the chromium have relatively high energy, thus
producing red tonality.6 The chromium(III) is in distorted
octahedral configuration with the oxygen ions.7 The effect
of the ligand field strength on the resulting energy levels,
designated by the spectroscopic terms 4A2,

4T1,
4T2 and

2E can be observed on the energy level diagram of the
Cr(III) ion shown in Fig. 1.
The energy of the 2E level changes very little with

respect to the ground level 4A2 when the strength of the
field is increased, but the 4T1 and

4T2 levels change sig-
nificantly. When white light passes through a crystal of
ruby (Cr3+:Al2O3), a portion of it with energy 2.2 eV
corresponding to the energy difference between the 4A2
and 4T2 levels of Cr(III) is absorbed. Another portion of
light with energy 3.0 eV is absorbed due to the excita-
tion of the ion from 4A2 to

4T1. The absorption resulting
from the first transition is in the yellow-green part of the
visible spectrum and the one from the second transition
is in the violet part (see Fig. 1). Because of the vibration
interactions, broad bands which overlap partially take
place in the absorption spectrum. Thus the transmission
in the blue region is weaker, and the absorption in the
red region (energies below 2 eV), falls down to zero
providing the red color of the ruby.
The ideal perovskite structure with general formula

ABO3, has a cubic face-centered structure, the smaller B
cation occupying octahedral sites and the larger A ion
occupying cubic sites (see Fig. 2).
Relatively few compounds present the ideal cubic

perovskite8 structure and slightly distorted structures
with inferior symmetry are observed usually (included
the mineral perovskite CaTiO3). In the case of the neo-
dymium perovskite NdAlO3, the structure is trigonal
and in the case of the yttrium perovskite YAlO3 it is
orthorhombic.9

The purpose of the present study has been to synthe-
size the perovskite4 NdAlO3 and its solid solutions with
Y3+ and Cr3+ ions employing ceramic and coprecipi-
tation routes. The effect of different mineralizers, as well
as the thermal stability of the obtained pigments in
different enamels have been studied.

2. Experimental

2.1. Materials and methods

In order to decrease the synthesis temperatures of the
studied systems, several mineralizers were selected. A
mineralizer is a chemical agent that acts even in small
concentrations to accelerate the physical–chemical
transformations during the reaction processes in the
solid state and affects particularly the reaction speed.
The mineralizer systems used for the present study are

indicated in the Table 1, making reference to the origin
of the components as well as to the percentage in respect
to the total quantity of the sample.
These mineralizers, were selected as being the most

usual systems used in the synthesis of ceramic pigments.

Fig. 1. Energy diagram of Cr3+ in octahedral ligand field.

Fig. 2. Idealized cubic unit cell of the perovskite structure.

Table 1

Mineralizer systems with their references and used percentages

Reference Mineralizer system/Wt. relation Wt.% on

the sample

M1 H3BO
a
3 þ Li2CO

a
3=3 : 2 5

M2 Criolitab; Na3AlF6
b 3

M3 NaFa þMgFa
2 þ Li2CO

a
3=3 : 2 : 1:

a 6

a Merck Farma y Quı́mica, S.A.
b QUIMIALMEL, S.A., España.
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The nominal compositions prepared by the ceramic
route are detailed in Table 2. The composition 3K was
used to determine the most adequate mineralizer for the
synthesis.
The precursors used for the preparation of the com-

positions are indicated in Table 3.
The flow diagram of the procedure followed in the

preparation of the samples via solid state reaction is
presented in Fig. 3.
As indicated in Fig. 3, the precursor oxides were

mixed in a planetary ball mill (model ‘‘Fritz-Puleri-
sette’’) for 15 min, using acetone as a dispersion media.
Subsequently, the acetone was evaporated at room
temperature.

The compositions of the samples prepared via copre-
cipitation are indicated in Table 4, together with the
references used along the work.
The soluble salts used as precursors in the coprecipi-

tation route are indicated in Table 5, except for the case
of the Nd3+, in which neodymium oxide was dissolved
in acetic acid.
For the preparation of the samples, stoichiometrical

quantity of the neodymium oxide was introduced in an
aqueous solution of acetic acid while continuously stir-
ring and heating at 70–80 �C until a completely trans-
parent solution was obtained. The water–acetic acid
ratio was H2O:CH3COOH=0.5:1. The flow diagram of
the coprecipitation process is presented in Fig. 4.
After being weighed, each precursor was dissolved in

50 ml of distilled water, stirring for 1 h, at 70–80 �C.
Further on, all the solutions were mixed and stirred
during 30 min in order to obtain a homogeneous solu-
tion. Adding ammonia (concentration 30%) drop by
drop provoked destabilization of the system,10 and a
precipitate formed. This precipitate was dried under an
infrared lamp.
Once dry, the samples prepared by both routes were

homogenized with the selected mineralizers in an agate
mortar and then heat treated in a NANETTI furnace. The
maximum temperatures were between 1400 and 1500 �C
for the ceramic route, and between 1300 and 1400 �C for
the coprecipitation, reached with a heating rate of 10 �C/
min. The maximum temperature was retained for 6 h, and
the samples were left to cool freely in the furnace.
In order to evaluate the coloring capacity as well as

the stability of the synthesized samples, they were
introduced in two industrial enamels. One transparent
enamel for biscuit substructes for application at 1080 �C
and another transparent one for stoneware tile for
1200 �C, introducing in all cases 5 wt.% pigment in the
enamel. The mixture was milled in water media for 10
min thus obtaining a suspension with a density of 1.6

Table 3

Used precursors in the ceramic methoda

Precursors Purity

Nd2O3 95

Al2O3 99.5

Cr2O3 99

Y2O3 99

a Quimialmel S.A. Castellón (España).

Table 4

Prepared nominal compositions via coprecipitation, together with

their references

Nominal composition Reference

Y0;95Nd0;05Al0;95Cr0;05O3 1C

YAl0;95Cr0;05O3 2C

Table 2

Prepared nominal compositions via solid state reaction, together with

their references

Nominal composition Reference

Y0;95Nd0;05Al0:95Cr0;05O3 1K

YAI0;95Cr0;05O3 2K

NdAIO3 3K

Fig. 3. Flow diagram of the procedure used for the preparation of the

samples by solid state reaction.

Table 5

Precursors used in the via coprecipitation

Precursor Purity Origin

Y NO3ð Þ3�9H2O 98.0 wt.% Merck Farma y Quı́mica, S.A.

Nd2O3 95 wt.% Quimialmel S.A. (España)

AI NO3ð Þ3�6H2O 98.0 wt.% Merck Farma y Quı́mica, S.A.

CrN3O9�9H2O 98.0 wt.% Merck Farma y Quı́mica, S.A.
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kg/l. This suspension was applied on the surface of the
ceramic supports, totally covering them with a homo-
geneous layer.

3. Characterization techniques

3.1. X-ray diffraction

For the structural characterization of the synthesized
materials, an X-ray diffractometer Siemens D5000, pro-
vided with a copper cathode was used. The measure-
ments were performed in the interval of 20–60� 2� with
goniometer speed of 0.05� 2�/s and the time for collection
of the counts on every step was 1 s.

3.2. Electron microscopy

All synthesized materials were characterized micro-
structurally by means of scanning electron microscopy
(SEM) on a LEO 440 microscope coupled with a spec-
trometer for energy dispersive X-ray analysis (EDAX).
The range of signal collection was within the interval of
2.5–15 KeV.

3.3. Fluorescent emission spectroscopy

The emission measurements were carried out at
ambient temperature exciting the samples with a

Nd:YAG impulse laser emission at 530 nm (Jobin-
Yvon) and detecting the fluorescence with an Optical
Multichanel Analyzer (O.M.A.—EG&G) in the labora-
tories of the CNRS center of the University ‘‘Pierre et
Marie Curie’’ (Paris).

3.4. Absorption measurements

The absorption spectra in the interval 400–800 nm
and the CIE-Lab color11 coordinates of the enameled
ceramic tiles were obtained by a spectrofotometer Per-
kin-Elmer, Lambda-19. A pellet of MgO was used as a
white reference. The data was treated with the software
package PECOL (Version 2.01).

4. Results and discussion

4.1. Study of the mineralizer system

The most appropriate mineralizer system was selected
by studying the composition, 3K, without doping. The
analysis of the thermal evolution of the synthesized
materials carried out by means of X-ray diffraction
(XRD) showed that a firing temperature of 1000 �C and
a retention time of 6 h were not enough to form the
perovskite structure. Therefore, the same composition
(3K) was submitted to a second thermal treatment at
1100 �C during 6 h.
The XRD measurements showed (Fig. 5) that when

the mineralizer, M1, was introduced, a small quantity of
the perovskite phase was formed, dominated by the
peaks of the unreacted oxides. With the mineralizer
system M2, the NdAlO3-perovskite peaks in the dif-
fraction patterns became more intense, but still with the
peaks of the unreacted oxides. The purest phase appears
to form in the case of using the mineralizer system M3,

Fig. 4. Flow diagram of the coprecipitacion route.

Fig. 5. XRD patterns of the sample referenced as 3K prepared with

the mineralizers M1, M2 and M3 at 1100 �C/6h; p: perovskite phase,

a: aluminum oxide and n: neodymium oxide.
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when the perovskite peaks were most intense. These
data seem to indicate the important role of the type of
the selected mineralizer for the development of the neo-
dymium aluminate. The beneficial effect of the selected
mineralizers can be attributed to the development of
liquid phases at relatively low temperatures facilitated by

the presence of the alkaline agents, thus favoring the dif-
fusion processes during otherwise solid state reaction.12

Considering these results, the most suitable minerali-
zer system was selected, for the series of doped samples
(references 1K, 2K, 1C and 2C). The samples prepared
by solid state reaction (1K and 2K) and coprecipitation
(1C and 2C), with the mineralizer M3 added were sub-
mitted to the corresponding calcination cycles and then
analyzed by means of XRD. The diffraction patterns are
shown in Fig. 6.
These diffraction patterns show that the perovskite

solid solution was not formed below a firing tempera-
ture of 1300 �C in either of the two synthesis routes.
Only when the sample 1K was fired at 1400 �C during 6
h, the formation of the perovskite structure was
observed. In the composition 2K the same structure
appeared only just when fired at 1500 �C during 6 h. In
the sample 1C obtained by the coprecipitation method
the perovskite structure was formed after calcining at
1300 �C during 6 h. In the composition 2C the solid
solution phase appeared after firing at 1400 �C during 6
h (Fig. 6). It must be pointed out that all the synthesized
samples presented shades of red color.
The microstructure of the synthesized samples 1K and

1C, is illustrated by the SEM micrographs shown in
Fig. 7.
It can be pointed out in the representative case of the

sample 1K prepared by the solid state reaction that it
consists of grains with a high degree of sintering, whose
sizes vary between 1 and 3 m. In the case of the sample

Fig. 6. XRD patterns of the sample synthesized via solid state reac-

tion and coprecipitation; p: perovskite phase.

Fig. 7. SEM micrographs of the samples 1K (1400 �C/6h) and 1C (1300 �/6h) together with the spot chemical analysis.
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1C prepared by coprecipitation, very sintered agglomer-
ates are observed on the micrography. The homogeneity
of the samples synthesized via the coprecipitation route
was checked by the spot analysis and ‘‘mapping’’. It is
observed that the percentile distribution of elements in
the surface of the grains is nearly constant (Fig. 7).
However, the spot analysis in the samples synthesized

by the solid state reaction, indicates small compositional
variations between the different grains (Fig. 7). This fact
could be explained by the low reactivity in this synthesis
route related to the low diffusion degree of the different
reactant ions.

4.2. Measurement of the optical properties: absorption
and emission spectra

All solid solutions were analyzed by UV-Vis spectro-
scopy in order to study the surrounding of the Cr3+ chro-
mophor. The spectra corresponding to the synthesized
samples are presented in Fig. 8.
The theory of the ligand field,,13 for an Cr(III) ion in

an octahedral environment predicts the existence of
three absorption bands. The energies of the first two
electronic spin allowed transitions, 4A2!

4T1 and
4A2!

4T2(F), correspond to visible light energies. The
third spin allowed transition is the one from 4A2 to

4T1
(proceeding from the 4P state of the free ion); its energy
corresponds to ultraviolet light, and therefore it doesn’t
affect the color. As can be observed on the absorption
spectra of the obtained solid solution (Fig. 8), at wave-
length values smaller than 580 nm, there is a region of
nearly constant absorption, probably owing to matrix
effects and the distinction of the bands assigned to the
allowed transitions of the Cr3+ is impeded. It is also
necessary to indicate that no absorption band appears
in the visible spectrum between 610 and 700 nm (in the
red region), contrary to the spectrum of the chromiu-
m(III) oxide where a wide absorption band can be
appreciated in the same region. Considering the
absorption spectra of the synthesized samples it can be

concluded that the determination of the environment of
the Cr3+ chromophore is a quite complex task. The
emission spectroscopy technique gave better results in
this respect.
The low energy levels for the 3d3 electronic configur-

ation of the ion Cr3+, in an octahedral environment are
shown in Fig. 9 as a function of the crystal field.13

The luminescent processes of the Cr3+ can be
explained using this same diagram including the energy
levels 4T2,

2E and the fundamental one 4A2.
In the well-studied glasses and glazes doped with

Cr3+ the relation Dq/B varies in the interval from 2.0 to
2.8 eV and the energy gap �E between the levels 4T2
and 2E is in the range �1200 	2300 cm�1. It can be
observed that the level 2E practically does not depend
on the strength of the crystal field the variation of the
value �E being only due to the change of the position of
the level 4T2. As can be seen in Fig. 9, in the cross point
of the 2E and 4T2 energy levels, the value Dq/B
2.2 and
the difference �E between the energy levels is zero. The
area on the right of this point corresponds to the values
of the Dq/B parameter of a strong crystal field and the
energy difference is �E>0. The area on the left of the
crossover point corresponds to the lower values of the
Dq/B parameter, where the Cr3+ ions are in crystal-
lographic sites with a low crystal field (�E<0).
The electronic transitions of Cr3+ (for example Cr3+

in ruby) in a strong crystal field from the fundamental
level to higher energy levels are indicated in Fig. 10.
The selection rules do not allow the relaxation directly

from these levels to the fundamental level, but the tran-
sition from both levels to the intermediate level 2E
occurs almost immediately.7,14,15 These transitions
imply the emission of 1.2 eV radiation (relaxation from
the level 4T1) and 0.4 eV radiation (relaxation from

4T2).
These energies correspond to infrared radiation and the
transitions are non-radiative. The relaxation of 2E to the
fundamental level implies an emission of 1.79 eV that
coincides with the end of the red region of the visible
spectrum and the production of red fluorescence. The

Fig. 8. UV-Vis spectrum of the samples obtained by ceramic and

coprecipitation methods.

Fig. 9. Diagram of the low-lying energy levels of Cr3+ ions (3d3) in

octahedral coordination.
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produced fluorescence is not observed in normal condi-
tions, but it has a significant contribution to the color.
In fact, the red fluorescence consists of one or two very
close lines at approximately 690 nm, called R lines.
They can be also observed in the emission spectra

obtained at ambient temperature, of the samples presented
in Fig. 11.
As can be appreciated in Fig. 11, the R lines appear

approximately at 690 nm and they originate from the
transition between the excited state 2E and the funda-
mental state 4A2. A splitting is observed that may be
due to fragmentation of the 2E state at lower symmetry
of the crystal field. Also in most of the minerals and
glasses, the Cr(III) is in octahedral coordination, how-
ever, the octahedron is usually deformed. Thus in the
series of solid solutions, such distortion causes transi-
tion from cubic to orthorhombic symmetry. It should be

indicated that in glasses with�E>0, the radiative relaxa-
tion time in the excited state is dominated by the time of
radiative relaxation of the 2E metastable level and the
extension of the population of the superior level 4T2.
In ruby, as in the case of the synthesized samples, the

strong crystal field situation (red color) is realized, and
the 2E level has lower energy at ambient temperature,
the time of the radiative relaxation being controlled
practically by the transition 2E!4A2, that is to say it is
the dominant one. The fluorescence intensity of the
Nd3+-doped samples (1K and 1C) (see Fig. 11) is lower
than the fluorescence intensity samples that do not con-
tain Nd3+. This can be explained by an incomplete energy
transfer16 of Cr(III) to Nd(III) as it is shown in Fig. 12.
The bandwidth (transition 4T2 to

4A2) is too large for
overlap from the absorption lines of rare earth ions such
as the Nd3+ to occur. Incomplete energy transfer
Cr3+!Nd3+ can be appreciated in Fig. 12 expressed as
the overlap of the Cr3+-emission and the Nd3+

-absorption. The arrow, in the same figure indicates the
electronic transfer.
Therefore, the red color that develops in the samples

can be explained by both the spectral absorption and an
additional contribution from the fluorescent emission.

4.3. Application of the synthesized structures as ceramic
pigments

The color measurements on the enameled tiles colored
with the synthesized pigments evidence the absence of
defects that could be caused by the enameling process.
All enameled samples present stable red hues. It can be
seen from Table 6, that the highest red component (the
highest value of the co-ordinate a*) is reached in the
enameled tiles colored with the pigments 2K and 2C.
The applicability of these materials as red pigments in

color ceramic glazes of low (1080 �C) and high (1200 �C)
temperature was tested.

Fig.10. Energy levels of the Cr3+ ion in the ruby and illustration of

the emission process.

Fig. 11. Luminescence spectrum of Cr3+ of the sample at room tem-

perature.

Fig. 12. Energy level diagram of the donor (Cr3+)–acceptor (Nd3+).

The electronic transfer is indicated with arrows.
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5. Conclusions

The following conclusions can be drawn from the
obtained results:
1. The most appropriate mineralizer system for the

formation of the NdAlO3 perovskite in the given
experimental conditions was the one consisting of:
NaF+MgF2+Li2CO3 (3:2:1 by weight).
2. The solid solutions Y0.95Nd0.05Al0.95Cr0.05O3 and

YAl0.95Cr0.05O3 were synthesized by coprecipitation and
solid state reaction using the selected mineralizer system.
3. The solid solutions were obtained at lower tem-

perature via the coprecipitation route.
4. The obtaining of the red color was studied in the

perovskite solid solutions and the mechanism of its
appearance was suggested on the base of the emission
spectra of the materials.
5. The possibility of the application of these materials

as red ceramic pigments for the ceramic industry was
discussed.
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