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Spinel ZnAl2O4 and corundum Al2O3 doped with chromium are used as pink pigments in porcelain glazes. How-
ever, alteration of the color can occur during firing, and the resulting glaze appears brown and green respectively,
instead of the expected pink. To investigate the mechanism of color change, electron transparent sections were
prepared by Focused Ion Beam (FIB) at the interface between pigment and glaze. Observations under a transmis-
sion electron microscope (TEM) reveal a common mechanism for both systems. Al migration from the pigment
towards the silicate melt results in alteration of the grain of pigments, and formation of a Cr enriched phase, with
the same crystalline structure than the initial pigment. Furthermore, the formation of anorthite is reported, due
to the increase of the local concentration of Al in themelt. The differentmorphologies of altered grains of pigment
encountered in the glaze are discussed base on the TEM observations.
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1. Introduction

The stability of chromium-bearing crystals in glasses, slags or melts
has been the subject of several studies. The dissolution/crystallization
behavior is an important process to understand aggressive attack of re-
fractory materials by molten metallurgical slags and melts [1], crystal/
melt partition in igneous processes [2,3] or the possibility of high chro-
mium loading in nuclear glass wastes [4]. Chromium is also used in
glaze coatings, painted tiles or porcelain stonewares as sub-
microcrystallites that can influence the color or macrocrystallites for
aesthetic ornaments (crystalline glazes) [5–7]. Though chromium was
isolated only in 1797 by Nicolas Louis Vauquelin in France [8], it was
rapidly used to color ceramics, especially at the French Manufacture of
Sèvres (Sèvres factory of porcelains) under the leadership of its director
Alexandre Brongniart, a former collaborator of Vauquelin [9]. Indeed Cr-
bearing crystals produce a richness of colors that was not available be-
fore the discovery of this element. A wide range of Cr-bearing pigments
was developed yielding to various colorations: pink, red, reddish brown
or green [10]. To obtain a glaze, the crystalline pigments are dispersed in
an uncolored frit and after firing, the color of the crystal is imparted to
the glaze.

The color property strongly depends on the nature of crystal struc-
tures incorporating chromium, but it is also altered bypossible reactions
during firing between the starting pigment and the corrosive silicate
melts, i.e. the glazes and frits, as noticed in previous investigations [5–
7,11–16]. These works conclude that reactions during firing are most
likely due to the dissolution of pigment through chemical attacks. How-
ever, the main challenge is still to understand the possible interactions
occurring between pigments and ceramic-matrices resulting in a color
change after firing.

Previousworkswere essentially focused on the color change of iron-
chromium pigments composed of (Cr,Fe)2O3 in zinc-based and zinc-
free glazes [6,7,11,12,14]. They reveal the importance of the glassmatrix
composition, the outward diffusion of Fe into the glaze, and the forma-
tion of spinel (Zn,Fe)(Cr,Fe)2O4 in zinc-based glazes. For the malayaite
pink pigments (CaSnSiO5:Cr) used in different glazes, a drastic change
of the color also occurs towards paler shades or in the appearance of a
bluish hue, attributed to the formation of BaSnSi3O9 [15,17].

At the Sèvres factory, almost 60% of pigments composed of chromi-
um oxides are spinels, synthesized in its laboratory. However, they un-
dergo a change of color in a commonly used uncolored frit. It is a
mixture of feldspar, kaolin, quartz and chalk (in proportion specific to
Sèvres' porcelain) that vitrifies during the firing process. In this particu-
lar decoration, the pink color of spinel and corundum doped with chro-
mium pigments is not stable: the resulting spinel and corundum glazes
appear respectively brown and green.
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In our previous investigation on a spinel pigment mainly composed
of ZnAl1.59Cr0.41O4 [16,18], we showed that the color change is caused
by amodification of the Cr content in the spinel phase. It was evidenced
that the initial pigment ZnAl1.59Cr0.41O4 gradually dissolves in favor of a
Cr-enriched phase ZnAl0.54Cr1.46O4.

This behavior is somewhat related to the peraluminosity of the frit/
glaze defined as:

R ¼ nAl2O3= nNa2O þ nMgO þ nK2O þ nCaO
� �

with nAl2O3 and (nNa2O + nMgO+ nK2O + nCaO) the molar content in alu-
mina and alkali and alkaline-earth oxides in the specimen, respectively.
When R b 1, the glass is peralkaline and when R N 1, the glass is
peraluminous. The starting frit has a low peraluminosity of 0.50.

When Al2O3 content is increased in the uncolored frit, i.e. the
peraluminosity increases, the dissolution of the pigment was found to
be reduced. It was conclude that the enrichment in Cr of the spinel
after firing results from the gradual migration of Al from the pigment
to the glaze, without changing the nature of the crystalline phase.

The color change occurring with corundum doped with chromium
pigment was also observed by Martos et al. [5] It was found that the
presence of ZnO was required for stabilizing the pink coloration in the
glaze. However, the mechanism that underlies this change of color is
still not known.

In this paper we will examine several examples of interaction be-
tween chromium pink pigments and the frit glass matrix. We will
focus on the Al diffusion by analyzing the interface between the pig-
ment and the surrounding glass. Focused Ion Beam (FIB) cross-section

Fig. 2. Elemental XEDSmaps of g-spinel sample. (a–e) STEM-XEDS elemental mapping acquired using energywindows related respectively to Si-Kα, Al-Kα, Ca-Kα, Cr-Kα, Zn-Kα lines. (f)
Composite image build with Al, Cr and Si elemental maps. Orange area corresponds to pristine spinel-Cr0.41, bright green areas correspond to Cr-rich spinel crystals, violet areas
correspond to a SiO2-rich glass and magenta regions are related to an anorthite phase. Elemental maps are not quantitative (not background corrected).

Fig. 1. SEM images of three different grains of pigments in g-spinel glaze, illustrating different reactions of the pigment in the glaze (signal: ASB, EHT= 15 kV): (a) a completely altered
grain, composed of spinel-Cr1.46; (b) a partially altered grain, with pristine spinel-Cr0.41 in the center and spinel-Cr1.46 in the periphery; (c) aggregate of partially altered grains with
additional phases indicated by arrows.
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