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Spinel ZnAl2O4 and corundum Al2O3 doped with chromium are used as pink pigments in porcelain glazes. However, 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 transmission electron microscope (TEM) reveal a common mechanism for both systems. Al migration from the pigment toward 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 the melt. The different morphologies of altered grains of pigment encountered in the glaze are discussed base on the TEM observations.

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 refractory materials by molten metallurgical slags and melts [START_REF] Cooper | Dissolution in Ceramic Systems: I, Molecular Diffusion, Natural Convection, and Forced Convection Studies of Sapphire Dissolution in Calcium Aluminum Silicate[END_REF], crystal/melt partition in igneous processes [START_REF] Roeder | Crystallization of Chromite and Chromium Solubility in Basaltic Melts[END_REF][START_REF] Irving | A review of experimental studies of crystal/liquid trace element partitioning[END_REF] or the possibility of high chromium loading in nuclear glass wastes [START_REF] Hrma | Chromium phase behavior in a multi-component borosilicate glass melt[END_REF]. 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) [START_REF] Martos | Towards more ecological ceramic pigments: Study of the influence of glass composition on the colour stability of a pink chromium-doped ceramic pigment[END_REF][START_REF] Mestre | Interaction of the chromiumiron black pigment with porcelanised stoneware[END_REF][START_REF] Murdock | The interaction of ceramic pigments with glazes[END_REF]. Though chromium was isolated only in 1797 by Nicolas Louis Vauquelin in France [START_REF] Vauquelin | Mémoire sur la découverte d'un nouveau métal à l'état d'acide et d'oxide dans le plomb rouge de Sibérie, le rubis et l'émeraude, et d'une nouvelle terre dans l'émeraude et le béril[END_REF], 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 [START_REF] Brongniart | Traité des arts céramiques ou des poteries: considérées dans leur histoire, leur pratique et leur théorie[END_REF]. Indeed Cr-bearing crystals produce a richness of colors that was not available before the discovery of this element. A wide range of Cr-bearing pigments was developed yielding to various colorations: pink, red, reddish brown or green [START_REF] Cordoncillo | Influence of some mineralizers in the synthesis of sphene-pink pigments[END_REF]. To obtain a glaze, the crystalline pigments are dispersed in a 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 structure incorporating chromium, but it is also altered by possible reactions during firing between the starting pigment and the corrosive silicate melts, i.e. the glazes and frits, as noticed in previous investigations [START_REF] Martos | Towards more ecological ceramic pigments: Study of the influence of glass composition on the colour stability of a pink chromium-doped ceramic pigment[END_REF][START_REF] Mestre | Interaction of the chromiumiron black pigment with porcelanised stoneware[END_REF][START_REF] Murdock | The interaction of ceramic pigments with glazes[END_REF][START_REF] Yurdakul | The mechanism for the colour change of iron chromium black pigments in glazes through transmission electron microscopy techniques[END_REF][START_REF] Ozel | Production and characterisation of iron-chromium pigments and their interactions with transparent glazes[END_REF][START_REF] Ahmadi | Synthesis of Y(Al,Cr)O3 red pigments by coprecipitation method and their interactions with glazes[END_REF][START_REF] Eppler | The relative stability of ceramic pigments[END_REF][START_REF] Harisanov | Influence of crystallinity on chromatic parameters of enamels coloured with malayaite pink pigments[END_REF][START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF]. These works conclude that reactions during firing are most likely due to the dissolution of pigment through chemical attacks. However, the main challenge is still to understand the possible interactions occurring between pigments and ceramic-matrices resulting in a color change after firing.

Previous works were essentially focused on the color change of iron-chromium pigments composed of (Cr,Fe)2O3 in zinc-based and zinc-free glazes [START_REF] Mestre | Interaction of the chromiumiron black pigment with porcelanised stoneware[END_REF][START_REF] Murdock | The interaction of ceramic pigments with glazes[END_REF][START_REF] Yurdakul | The mechanism for the colour change of iron chromium black pigments in glazes through transmission electron microscopy techniques[END_REF][START_REF] Ozel | Production and characterisation of iron-chromium pigments and their interactions with transparent glazes[END_REF][START_REF] Eppler | The relative stability of ceramic pigments[END_REF]. They reveal the importance of the glass matrix composition, the outward diffusion of Fe into the glaze, and the formation 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 [START_REF] Harisanov | Influence of crystallinity on chromatic parameters of enamels coloured with malayaite pink pigments[END_REF][START_REF] Byrne | How glaze composition affects chrome-tin pinks[END_REF].

At the Sèvres factory, almost 60% of pigments composed of chromium oxides are spinels, synthesized in its laboratory. However, they undergo 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 particular decoration, the pink color of spinel and corundum doped with chromium pigments is not stable: the resulting spinel and corundum glazes appear respectively brown and green.

In our previous investigation on a spinel pigment mainly composed of ZnAl1.59Cr0.41O4 [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF][START_REF] Verger | Spectroscopic properties of Cr 3+ in the spinel solid solution ZnAl2-xCrxO4[END_REF], we showed that the color change is caused by a modification 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 = nAl2O3 / (nNa2O + nMgO + nK2O + nCaO)
with nAl2O3 and (nNa2O + nMgO + nK2O + nCaO) the molar content in alumina and alkali and alkaline-earth oxides in the specimen, respectively. When R<1, the glass is peralkaline and when R>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. [START_REF] Martos | Towards more ecological ceramic pigments: Study of the influence of glass composition on the colour stability of a pink chromium-doped ceramic pigment[END_REF] 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 between chromium pink pigments and the frit glass matrix. We will focus on the Al diffusion by analyzing the interface between the pigment and the surrounding glass. Focused Ion Beam (FIB) crosssection are used for analyses by transmission electron microscope (TEM), revealing a common dissolution mechanism and reaction at the pigment/glaze interface for Cr-doped spinel and corundum pigments.

Materials and methods

Two pigments containing Cr were selected for this study. They are historically synthesized at the Sèvres factory and named 10045 and 10059. Pigment 10045 is mainly composed of a spinel phase ZnAl1.59Cr0.41O4, characterized in our previous investigation [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF]. Pigment 10059 is composed of a corundum phase, Al1.9Cr0.1O3. Its composition was determined by Rietveld refinement, using the linear regression from Rossi et al. [START_REF] Rossi | Elastic Properties of Oxide Solid Solutions: The System Al2O3-Cr2O3[END_REF] that relates the cell parameters (a and c) to the Cr concentration x in Al2-xCrxO3 following Vegard's law. Glazes are obtained by mixing 0.5 g of pigment with 4.5 g of an uncolored crystallized frit named CI. The frit is composed of feldspar, kaolin, quartz and chalk in proportions specific to the porcelain of Sèvres. The mixture was not ground in order to observe larger grains of pigment and characterize the interface between the crystal and the uncolored glass. The mixture of the pigment and the frit is painted on a round porcelain mount, which is then fired. The heat treatment is the one used for firing porcelain artifacts at the manufacture: 1000°C is reached in ten hours, then 1280°C is reached in 5h30. Once 1280°C is reached, the oven is immediately turned off and slowly cooled down to room temperature. The atmosphere of the oven is not controlled for the preparation of this kind of decoration. Glazes composed of pigment 10045 and pigment 10059 are respectively called g-spinel and g-corundum.

Cross sections were cut from the porcelain shard with the glaze on the top. The fragment was embedded in a resin block, polished using diamond pastes down to 3μm and carbon coated.

Scanning Electron Microscopy (SEM) analyses were carried out with a Zeiss Ultra55, using an acceleration voltage of 15 kV, a working distance of 7.5 mm and a backscattered electrons detector, associated to an X-ray Energy Dispersive Spectroscopy (XEDS) microprobe.

Electron transparent foils were prepared using Focused Ion Beam (FIB) on a FEI STRATA DB235 instrument. Sections were analyzed with a JEOL 2100F microscope operating at 200 kV. This microscope was equipped with a field emission gun, an ultra-high resolution (UHR) pole piece and a scanning TEM (STEM) device, which allowed Z-contrast imaging in the high angle annular dark field (STEM-HAADF) mode. Chemical analyses were performed using a JEOL detector with an ultrathin window by XEDS elemental mapping in the STEM-XEDS mode. Selecting area electron diffraction (SAED) patterns were acquired along two or three zone axis to identify unambiguously the structure of the crystal (only one axis is shown in figures).

X-ray diffraction (XRD) pattern of g-corundum was collected directly on the glaze without specific preparation, using a PANalytical X'Pert PRO diffractometer with Cu Kα radiations (λCu,Kα1 = 1.54056 Å, λCu,Kα2 = 1.54439 Å) operating under 40kV and 40mA, in the 10° 2θ to 130° 2θ range, with 0.0167° 2θ steps and a counting time of 550 s per step.

Results

Morphological aspect of the spinel pigment grains in the glaze

The g-spinel glaze is composed of crystalline grains embedded in a glass that results from the melting of the uncolored frit. The grains correspond to the initial pigment, partially altered by reactions with the silicate melt during the heat treatment [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF]. We previously showed that the initial pigment has the spinel phase composition ZnAl1.59Cr0.41O4 (spinel-Cr0.41). This pigment is not stable during firing, leading to the formation of a Cr-enriched spinel ZnAl0.54Cr1.46O4 (spinel-Cr1.46) [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF]. Three grain populations in the same glaze can be distinguished. Fig. 1a shows homogeneous aggregated grains composed of spinel-Cr1.46.

Their diameter is typically below 1 μm. Their chemical composition (determined by SEM analysis associated with EDX measurements) indicates that those grains results from complete alteration of the initial phase that is not observed. Fig. 1b shows grains that are partially altered: the center has the composition of the initial spinel-Cr0.41 while the periphery corresponds to the spinel-Cr1.46. Their size is typically around 10 μm. The third example (Fig. 1c) shows also the presence of the initial pigment spinel-Cr0.41 and the new phase spinel-Cr1.46, but additional phases pointed out by arrows are present. It seems to diffuse from the pigment grain to the glass. From the backscattered electron imaging contrast of Fig. 1c, this phase seems to be devoid of Cr and Zn and is observed around grains of large size (> The change in the composition of spinel is at the origin of the color change between the initial pigment (pink) and the glaze (brown), in agreement with a colorimetric analysis of the spinel solid solution ZnAl2-xCrxO4 [START_REF] Verger | Spectroscopic properties of Cr 3+ in the spinel solid solution ZnAl2-xCrxO4[END_REF].

Interface between spinel grain and the glass

In order to get more information on (i) possible crystallographic relationship between the two spinel phases (i.e. the parent spinel-Cr0.41 and the new phase spinel-Cr1.46) and (ii) to investigate the crystalline nature of the additional phase, a TEM thin foil was obtained using FIB method from an area exhibiting all the phases aforementioned. Fig. 2a-e corresponds to STEM-XEDS elemental mapping achieved using Si-K, Al-K, Ca-K, Cr-K, Zn-K lines. As shown on the composite image (Fig. 2f), four different phases can be distinguished from the compositional criterion. Areas appearing in orange and green in Fig. 2f are related to the spinel phases previously observed by SEM: the undissolved initial pigment (spinel-Cr0.41) rich in Al and Zn (Fig. 2b,e) correspond to the orange zone and is surrounded by smaller grains of spinel-Cr1.46 rich in Cr and Zn (Fig. 2d,e) that coincide with green areas. SAED patterns acquired on initial pigment (Fig. 3b) and grains of spinel-Cr1.46 (Fig. 3c) confirm that the grains have the spinel structure. Moreover, SAED patterns indicate also that both Al-rich and Cr-rich crystals are orientated along almost the same direction suggesting a possible solid state transformation i.e. without a dissolutionreprecipitation process. From STEM-XEDS elemental mapping (Fig. 2a) and SAED observations (data not shown), areas appearing in blue in Fig. 2f and Fig. 3a correspond to amorphous SiO2-rich phase resulting from the vitrification of the uncolored frit. Finally, magenta areas in Fig. 2f and Fig. 3a are related to phases spreading out from the grain of pigment to the glass (they are only observed at close proximity of the initial grain pigment). The chemical composition deduced from XEDS measurements and SAED analysis (Fig. 4c) strongly suggests the presence of anorthite CaAl2Si2O8. This corresponds to the meta-aluminosilicate join, i.e. a peraluminosity of 1. HREM images (Fig. 4d) acquired on these phases reveal the presence of planar stacking fault and (010) twinning planes typical for anorthite, as reported by Xu et al. [START_REF] Xu | Twinning in synthetic anorthite; a transmission electron microscopy investigation[END_REF].

Interface between the Al2O3:Cr 3+ corundum pigment and the glass

In order to investigate the impact of the crystalline structure of the pigment on its reactivity, pigment 10059 composed of corundum Al1.9Cr0.1O3 was studied. The pink color of the pigment is modified during firing, and the glaze presents a green hue. Contrary to pigment 10045, no further crystalline phase composed of chromium was detected by XRD in the glaze.

However, the formation of anorthite with trace of sodium is detected by XRD on this sample (Fig. 5).

SEM observations on a cross section of the glaze was particularly challenging because the contrast between the grains of pigment and the glassy matrix was not good enough from the different images (secondary or backscattered electrons) to distinguish them. Grains of pigments can only be identified from XEDS elemental mapping of Al. Heterogeneity in Cr concentration was observed on XEDS mapping, but the spatial resolution was not sufficient enough to relate them to a crystalline phase. Therefore, in order to understand the mechanism of color change in this case, a TEM analysis was carried out on a thin foil prepared using the FIB method at the interface between a grain of pigment and the glass. From XEDS elemental maps and SAED analyses shown on Fig. 6, four main areas can be distinguished, similarly to the g-spinel glaze.

The orange area seen on the elemental composite image (Fig. 6f) corresponds to a crystalline phase with a corundum structure whose chemical composition determined by XEDS analysis, and despite small variations on the Cr-content (Fig. 6d), is close to the one of the initial pigment Al1.9Cr0.1O3. From SAED patterns (only one zone axis is shown in Fig. 6g) acquired in different areas of this phase, it appears that all the sub-grains have the same orientation with very minor deviations. From these observations, it can be inferred that this area corresponds to an unaltered grain of the initial pigment. The Cr-bearing corundum crystal is surrounded by a Ca-rich crystalline phase (Fig. 6c) that is shown to be anorthite from SAED pattern (Fig. 6h) and XEDS measurements of the composition. Si-and K-rich area labeled (i) on Fig. 5f corresponds to the glass resulting from the vitrification of the uncolored frit.

At the periphery of the Al1.9Cr0.1O3 crystal, small Cr-rich crystals are present and are visible on the STEM-HAADF image presented on Fig. 7a. As shown on Fig. 7b, their size is around 50 nm x 50 nm and they are dispersed in the anorthite phase closely to the Al1.9Cr0.1O3 crystal.

From HREM observations and subsequent Fourier transform analysis (Fig. 7c,d), it can be concluded that these crystals exhibit the corundum structure as well, which indicates that they are grains of eskolaite Cr2O3. Their presence reveals that the Al1.9Cr0.1O3 initial grain of pigment reacts during firing, leading to the formation of Cr2O3. Eskolaite Cr2O3 is green, thereby its formation explains the color change between the pigment (pink) and the glaze (green). Contrary to g-spinel, the size and quantity of chromium oxide crystallites formed are certainly too low to be detected by XRD.

Discussion

The alteration of pigments can affect the resulting color of porcelain glazes through three mechanisms: reaction between a pigment and a glaze to form a different crystal with different color properties, extraction of an element from the pigment giving a crystal with different color properties, substitution of one element for another improving the stability of the crystal and, possibly, altering the color. [START_REF] Eppler | The relative stability of ceramic pigments[END_REF] For the g-spinel and g-corundum, color alteration can be related to the second case: the extraction of Al from the pigment to the silicate melt, leaving Cr-enriched phases, ZnAl0.54Cr1.46O4 for g-spinel and Cr2O3 for g-corundum. It explains the color change from pink to brown (g-spinel) or green (g-corundum).

The mobility of Al is promoted by the chemical composition of the melt. The initial uncolored frit gives mainly a calcium aluminosilicate melt/glass after melting. In this type of glass, calcium cations ensure charge compensation of (AlO4) -tetrahedra. The migration of Al from the grain of pigment to the melt is favored by the large amount of alkali or alkaline-earth cations in the melt, which are available for charge compensation. Indeed, the peraluminosity of the uncolored frit before the thermal treatment is equal to 0.50, meaning that half of the alkali or alkaline-earth cations (mainly Ca 2+ ) can be used to stabilize Al in tetrahedral environment. For g-corundum, there is a clear correlation between Al and Ca elemental maps in Fig. 6 indicating that the outward diffusion of Al into the glaze is due to the high Ca mobility towards the interface to provide charge compensation for Al 3+ . The crystal dissolution is then due to two processes: reaction at the melt/pigment interface to allow the release of Al cations and diffusion of Ca 2+ cations in the melt towards the interface. Usually, diffusion is the rate-determining parameter controlling the crystal dissolution.

The migration of Al from the pigment to the melt increases locally its concentration around the pigment. As a consequence of the Al rich layer near the melt/pigment interface, the system can pass through the stability field of anorthite in the ternary SiO2-Al2O3-CaO [START_REF] Levin | Phase diagrams for ceramists[END_REF][START_REF] Richet | Glass formation in silicates: Insights from composition[END_REF]. Furthermore, anorthite is known to crystallize without nucleating agent in SiO2-Al2O3-CaO-MgO glass system [START_REF] Lo | Low temperature sintering and crystallisation behaviour of low loss anorthite-based glass-ceramics[END_REF][START_REF] Leonelli | Crystallization of some anorthite-diopside glass precursors[END_REF]. Al saturation concentration around some grains of pigment enables the formation of anorthite as firing at 1280°C is close to the maximum of crystal growth rate [START_REF] Klein | Crystallization behavior of anorthite[END_REF].

The formation of eskolaite in g-corundum indicates the poor solubility of Cr 3+ for this melt composition and at this temperature. This is also consistent with large difference in solubility of Cr in chromian spinel and coexisting basaltic lavas [START_REF] Barnes | The Range of Spinel Compositions in Terrestrial Mafic and Ultramafic Rocks[END_REF][START_REF] Wijbrans | Experimental determination of trace element partition coefficients between spinel and silicate melt: the influence of chemical composition and oxygen fugacity[END_REF]. We can propose that the Al compositional difference between the initial pigment and the melt can act as a driving force for Al diffusion. This is consistent with the fact that the dissolution of pigments is lower if the compositional difference is lower [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF]. In g-spinel, this driving force is still present. However, we can note a lower Zn-diffusion towards the glaze than for Al. This is consistent with the final spinel composition ZnAl0.54Cr1.46O4, which implies a larger extraction of Al 3+ cations than Zn 2+ cations from the pigment to the silicate melt. It can be explained by the difference in the stability of various cations in the sites of the spinel lattice. Indeed, Zn is known to be the most stable of all ions in tetrahedral site in spinels [START_REF] Miller | Distribution of Cations in Spinels[END_REF]. Conversely, the octahedral sitepreference is higher for Cr 3+ than for Al 3+ . As shown in Fig. 3, for g-spinel, the parent spinel-Cr0.41 grain and the new Cr-enriched phase spinel-Cr1.46 crystal exhibit the same crystallographic orientation. Therefore, the orientation of the crystals remains the same when Al migrates in the silicate melt. This result is consistent with the fact that spinel-Cr1.46 originates from the same grain of pigment. While all aluminium cations migrate in the melt for g-corundum, only 66% of the Al initial amount present in the grain of pigment migrates in the melt for g-spinel (calculated using the chemical composition of the initial and final phases in g-spinel, respectively ZnAl1.59Cr0.41O4 and ZnAl0.54Cr1.46O4). Al migration is then limited by the presence of Zn and/or the crystalline structure. Firstly, this difference has an impact on the size of the resulting phases: sizes of ZnAl0.54Cr1.46O4 grains distribute between 200 nm and 1 μm, while the size of Cr2O3 is about corundum than in glaze g-spinel. Indeed, while anorthite is forming a continuous layer between the pigment and the glass in g-corundum, it only crystallizes in particular directions in g-spinel.

Every grains of pigment react during firing. However, they do not all have the same aspect in the resulting glaze (Fig. 1). Indeed, while some grains are completely altered (Fig. 1a), others still contain the initial phase (Fig. 1b). This observation shows that the alteration process rate, and therefore the diffusion rate of Al, is not the same for every grain of pigment. Al diffusion is strongly dependent on the initial grain size and on possible aggregation of grains (such as Fig. 1c). As the convection is limited into the glaze, which can be deduced from the important presence of bubbles [START_REF] Verger | The stability of gahnite doped with chromium pigments in glazes from the French manufacture of Sèvres[END_REF], a local saturation composition of Al occurs preventing further outward diffusion of Al from the pigment, which in turn limit the pigment dissolution rate.

Diffusion affecting the interface composition is again controlling the dissolution process.

Based on the different observations made, we try to reconstruct the sequence of alteration of different grains of pigment, explaining the variety of morphology encountered (Fig. 8). When Al migration is favored, the grain of pigment completely reacts with the silicate melt and is totally replaced by the Cr-enriched phase (sequence A2 to A4 in Fig. 8). When Al diffusion is limited, the duration of firing of the glaze does not allow the alteration process to reach the center of the grain (sequence B2 and B3 in Fig. 8). When the silicate melt around the pigment is saturated in Al, crystallization of anorthite occurs, when the glaze is cooling down (scenario (i)), or when the glaze in heating up (scenario (ii)). Both scenarios result in the presence of partially reacted grains of pigment, surrounded by anorthite (step C4 in Fig. 8). The presence of anorthite is not important for coloration but implies an Al boundary rich layer that can prevent the crystal dissolution and thus the color change.

Al diffusion appears to be a key parameter to understand the three different kind of population in glaze g-spinel. It is most likely that the three same populations can be observed under a SEM in glaze g-corrundum if the chemical contrast between the pigment and the uncolored frit was not too low. The three kind of grain observed (A, B and C) can be seen at different step of the alteration of the pigment. When 1280°C is maintained during 20 hours, every grains of pigment have the aspect of grain A in the glaze. This means that eventually, B and C evolve towards A if the firing process is long enough to complete the alteration of the pigment.

Conclusion

To better identify the sequence of reactions leading to the alteration of the color of two pigments (spinel ZnAl1.59Cr0.41O4 and corundum Al0.9Cr0.1O3) during firing of glazes, samples were analyzed down to the nanoscale. A common mechanism explains the color change, occurring as a result of the formation of a Cr-enriched phase with the same crystalline structure than the initial pigment. The Cr-enriched phase results from gradual diffusion of Al from the pigment toward the silicate melt during firing. The diffusion's rate of Al in the silicate melt is not the same for every grain of pigment and strongly depends on the environment of the grain. The crystallization of anorthite confirms the hypothesis that Al migrates from the grain of pigment to the silicate melt. 
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