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Abstract 

The Ru kiln is one of the five most famous kilns in the Chinese Song Dynasty. 

To clarify the coloring mechanism of the Ru celadon glaze, the celadon samples from 

the Ru Guan kiln site of Qingliangsi were analyzed by spectrophotometer, X-ray 

fluorescence spectrum, Raman spectroscopy, scanning electron microscopy and X-ray 

photoelectron spectrum. The results indicated that the molar ratios of SiO2/Al 2O3 and 

CaO/(CaO+Al2O3) affected the formation of micro-bubbles, anorthite crystals and 

phase separated structures. A large number of bubbles and anorthite crystals formed 

special glossiness and opacifying effect in the Ru celadon glaze. And then, dense 

phase separation droplets in the amorphous region were in short-range order, but their 

diameters (31-46 nm) were too small to form visible structural colors on glaze 

surfaces. Only “opal effect” was formed by the light scattering, which added the 

aesthetic feeling for the Ru celadon. Besides, the phase separation droplets intensified 

the segregation of iron, and thus deepened the chemical color and made the Ru 

celadon glaze appear green-blue. Due to the neutral to alkaline soil at the Ru Guan 

kiln site, the water in the soil and its corrosion on the Ru celadon glaze resulted in the 

formation of Si-OH bond. 
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1. Introduction 

Ru kiln, located in Qingliangsi, Baofeng Country, Henan Province, is one of the 

five most famous kilns (Ru, Guan, Ge, Ding and Jun kilns) in the Chinese Song 

Dynasty (A.D. 960-1279) [1]. It started from the earlier Song Dynasty, matured in the 

late Northern Song Dynasty and stopped development in the late Yuan Dynasty. In the 

later period of the Northern Song Dynasty, from Yuanyou to Chongning for more than 

20 years, Ru kiln had been making celadon for imperial courts. The best of glaze 

color was sky-green, and the body color was the standard of fragrant grey. In the late 

Northern Song Dynasty, the Ru celadon was with more fresh color and more exquisite 

craftsmanship. At that time, it had the reputation of “Ru kiln is the chief” [2]. 

The researches on the chemical composition of the Ru celadon glaze and its raw 

material were systematic. Ding et al. [3] found that the celadon glaze of the Ru kiln 

unearthed in the Ru Guan kiln site of Qingliangsi had the characteristics of high 

calcium and aluminum contents, which provided the physical and chemical basis for 

the formation of anorthite microcrystalline cluster and thick glaze layer, and created 

the jade-like quality of the celadon glaze. Also, fibrous and radiating aggregates with 

optical properties similar to agate were observed in the Ru celadon glaze by 

polarization microscope. It showed that the Ru celadon glaze was not only made of 

glaze ash and feldspar materials with relatively high aluminum content but also mixed 

with agate. 

For coloring of the Ru celadon glaze, researchers had the same view that the 

glaze color was the result of the interaction of chemical color and structural color. 

Zhang et al. [4] investigated that the glaze color of the Ru celadon was mainly related 

to the concentration of structural iron ions, rather than that of the Fe2O3 and Fe3O4. As 

the Fe2+/Fe3+ ratio gradually increased, the glaze color of the Ru celadon would 

gradually change from pea green to sky green. Li et al. [5] revealed that the Ru 

celadon glaze belonged to crystalline and phase separation glaze for the first time. A 

dual coloring mechanism was in effect for the Ru celadon glaze, covering chemical 
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compositional coloring by iron ion chromophore and structural coloring by structural 

inhomogeneities including nano-sized phase separation structures and micro-sized 

crystals, bubbles and inclusions. Yang et al. [6] confirmed the study of Li et al. and 

indicated that there were amount of crystallites and phase separation structures in the 

Ru celadon glaze, the former met Mie scattering conditions and the latter met 

Rayleigh scattering conditions. Nevertheless inspired by structural colors of 

amorphous arrays in the biological world, Yin et al. [7] proposed the phase-separated 

structures with short-range order could form the structural color in the glaze for the 

first time. It was the physical origin of opalescence blue in the Ru celadon glaze. 

However, until now, few studies have been made to interpret the relationship between 

composition and structure-property and to explore the coloring mechanism of the Ru 

celadon glaze. 

In this paper, the apparent performance, chemical composition, microstructure 

and chemical state of iron ions of Ru celadon glazes with different colors were 

compared, and the main factors affecting the appearance of Ru celadon glaze were 

studied. In addition, the interaction between the chemical color and the structural 

color, as well as the internal relationship between them and the glaze color were 

analyzed. Based on these, the color mechanism of the Ru celadon glaze in the 

Northern Song Dynasty was revealed comprehensively and systematically. 

2. Experimental 

2.1 Information about the samples 

All of the samples excavated from the Ru Guan kiln site of Qingliangsi, kindly 

loaned by the Palace Museum in Beijing. The photos and information of the samples 

were shown in Fig. 1 and Table 1. 

2.2 Methodology 

The glaze color of samples was analyzed by spectrophotometer (X-Rite Ci7800, 

America). The measuring aperture was 6 mm. The chemical composition were tested 

by X-ray fluorescence (XRF, XGT-7200V, Japan) with Rh target. The molecular 

structure of the glass phase was studied by confocal Raman spectroscopy (Raman, 

Renishaw-invia, England). The laser wavelength was 532 nm, and the laser power 
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was 3.35 mW. And then, the crystalline phases were identified by X-ray diffraction 

(XRD, D/max 2200PC, Japan) with Cu Kα radiation (λ=1.5406 Å) under 40 kV and 

100 mA. The scanning speed was 8º/min and the step degree was 0.02º. 

Microstructure and phase compositions were performed by using scanning electron 

microscopy (SEM, S4800, Japan) equipped with an energy dispersive spectrometry 

(EDS). Before the testing, the surfaces of samples were etched in 1 vol% HF for 40 s 

to expose the crystals and phase separation structures, and then sprayed platinum to 

make the glaze surfaces conductive. Finally, the valence and coordination state of iron 

ions in the glaze were analyzed by ultraviolet-visible-NIR (UV-vis-NIR) spectrometer 

(Cary 5000, America) and X-ray photoelectron spectrum (XPS, VG Scientific, 

England) with Al Kα radiation. 

3. Results and discussion 

3.1 Relationship between chemical composition and apparent performance 

Table 2 and Fig. 2 show the colorimetric values (L*, a*, b*, C*, h*) of samples 

and the corresponding scatter diagrams of L*, C* and h*. From Fig. 2 (a), L* values 

of all samples were between 56 and 66, and increased in the order of R1, R3, R2 and 

R4. From Fig. 2 (b), the glaze colors of samples were located in the yellow-green-blue 

area and close to the green axis. By comparing h* of samples, the green-blue tone of 

samples decreased in the order of R2, R1, R4 and R3. Due to the small difference in 

body colors of the samples, their glaze colors were mainly determined by the 

chemical composition, microstructure and the content of different valence iron ions. 

Table 3 presents the glaze compositions of these samples. The content of SiO2 

changed obviously, from 70.65 wt% to 75.24 wt%. Next were Al2O3 and CaO with 

contents of 11.56-14.79 wt% and 6.52-8.26 wt%, respectively. And the difference of 

the Fe2O3 content was not huge. Also, the samples contained 1.49-2.71 wt% 

MgO+P2O5+MnO2, indicating that a certain amount of plant ash was used as a flux 

for the Ru celadon glaze [8]. The research showed that 0-3 wt% P2O5 in the chemical 

composition helped the green-blue color of the celadon glaze [9]. Hence, P2O5 in the 

Ru celadon glaze could promote the glaze color to be green-blue.  

Based on Table 3, the discriminant coefficient b (RO/(RO+R2O)) of the calcium 
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glaze and the molar ratios of CaO/(CaO+Al2O3) and SiO2/Al 2O3 were calculated, as 

shown in Table 4. The b values of samples were between 0.83 and 0.90. The results 

showed that the Ru celadon glaze in the Northern Song Dynasty belonged to the 

calcium glaze, and the selection and proportion of raw materials were relatively stable 

[10]. Owing to the largest mole ratio of CaO/(CaO+Al2O3), R4 had the strongest 

glossiness than others [11]. Moreover, comparing the mole ratio of SiO2/Al 2O3, R1 

was similar to R2, while R3 and R4 were also similar. 

Fig. 3 is the optical images on the glaze surfaces of samples. There were many 

bubbles in the glazes, whereas their sizes were different. The bubble sizes of R1 and 

R2 were larger than those of R3 and R4. Zhang et al. [12] investigated that when the 

mole ratio of CaO/(CaO+Al2O3) was more than 0.4 and less than 0.6, the viscosity of 

glass melt increased with the increase of SiO2 content. From Table 4, the mole ratios 

of CaO/(CaO+Al2O3) for all samples were in this range, so their viscosity met to the 

change rule of SiO2 content. With higher SiO2 content, the viscosity of glaze melt 

would be higher, as well as the movement and aggregation of bubbles would also get 

more difficult. As a result, the bubble size in the R1 and R2 was large and the number 

was few. The dense bubbles in the R3 and R4 glazes promoted the scattering of the 

incident light, causing that the glaze surfaces appeared glossy and opacifying effects.  

3.2 Effect of microstructure on apparent performance 

Fig. 4 (a) presents the Raman spectra on glaze surfaces of samples in uniform 

and non-crystalline areas. In the range of 150-1250 cm-1, all samples had two Raman 

peaks in 483.6 cm-1 and 1031.4 cm-1, which corresponded to the Si-O bending and 

stretching vibrations in the [SiO4] tetrahedron, respectively [13, 14]. Phillippe et al. 

[14] investigated that the degree of polymerization fixed by the content of fluxing 

ions breaking the Si–O bonds determined the relative intensity of the Si–O bending 

and stretching vibrations (Ip=A500/A1000). The area ratio of these bending and 

stretching vibration peaks was well correlated to the glass composition (the ratio of 

fluxing oxide/network-forming oxide). This last ratio was directly related to the 

melting temperature. Therefore, the firing temperature of the ceramic glaze could be 

determined indirectly by comparing the Ip values of Raman spectra of different 
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samples. The larger the Ip value was, the higher the firing temperature was. These two 

Raman peaks were fitted by a Gaussian function, and the corresponding Ip values 

were calculated, as shown in Figure 4 (b). The Ip values of the samples were in the 

range of 0.5-0.7, and increased in the order of R3, R1, R4 and R2, so the firing 

temperatures of samples also increased in the same order. 

In addition, from Fig. 4 (a), the samples had two Raman peaks at 3604.7 cm-1 

and 3850.0 cm-1, which was caused by the stretching vibration of -OH in the Si-OH 

bond [15]. Research shows that the soil in the Ru Guan kiln site of Qingliangsi is 

brown soil with alkalescence [16]. Since the ancient ceramic was buried underground 

for several years, the glass phase in the glaze was corroded by the moisture in the soil 

and itself, and the Si-O-R bond and Si-O-Si bond were destroyed, forming the Si-OH 

bond. The corrosion process continued without being controlled by diffusion. The 

chemical reaction equations were shown below: 

Si-O-R + H-OH → Si-OH + R+ + OH-                             （1） 

Si-O-Si + OH- → Si-OH + Si-O-                     
               

（2） 

In addition to the corrosive media, the corrosion of glass is closely related to the 

porosity and microstructure. The higher the firing temperature and the higher the 

chemical stability of the glaze, the stronger the corrosion resistance of the glass phase. 

Therefore, the intensity of the stretching vibration peak of -OH was opposite to the 

firing temperature of the sample and decreased in the order of R3, R1, R4 and R2. 

Fig. 5 shows the XRD spectrums on the glaze surfaces of samples. The 

diffraction intensity was weak, indicating the poor crystallization property of all the 

samples. The characteristic amorphous hump could be seen within the 2θ≈15-35° 

range in the samples, which were associated with a large amount of aluminosilicate 

glass. Meanwhile, some weak crystallization peaks, corresponding to anorthite 

(CaAl2Si2O8, PDF#41-1486), quartz (SiO2, PDF#47-1144) and clinoptilolite-Na 

((Na,K,Ca)5Al 6Si30O72•18H2O, PDF#47-1870) crystallizations, were also detected in 

every sample. By comparison, the diffraction peak intensities of anorthite in R1 and 

R2 were stronger, while those of quartz in R3 and R4 were stronger, which was 

related to the molar ratios of CaO/(CaO+Al2O3) and SiO2/Al 2O3 in the samples. From 
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the phase diagram of CaO-Al2O3-SiO2 system, it was conducive to the precipitation of 

quartz when the molar ratios of CaO/(CaO+Al2O3) and SiO2/Al 2O3 were larger, and 

the smaller the molar ratio, the better the precipitation of anorthite crystals [5]. 

Fig. 6 displays SEM micrographs on the glaze surfaces of samples etched by HF 

acid and EDS spectra of long columnar crystals. As can be seen from the SEM 

micrographs, some long columnar crystals and phase-separated structures were 

exposed to the glaze surfaces. For R1 and R2, they were independent of each other. 

However, the phase separation structure in R3 and R4 was closely distributed around 

the crystal. From the EDS spectra, these crystals were rich in Ca, Al and Si. 

Combining XRD and EDS results, it was determined that the long columnar crystal 

was anorthite. According to the research from García et al. [17], there were three 

necessary conditions for the formation of Mie scattering. First of all, dielectric 

particles were spherical or nearly spherical. And then, they are monodisperse. Thirdly, 

the average diameter of scattering particles was more than 200 nm. Based on the 

above conditions, it was determined that the anorthite crystals in the Ru celadon glaze 

could not form Mie scattering. 

During the firing process, with the precipitation and growth of anorthite crystals, 

Al 2O3 in the surrounding glass phase is consumed in large amounts. With the sharp 

increase of the SiO2/Al 2O3 molar ratio, the chemical composition of the glass phase 

rapidly shifts to the liquid-liquid immiscibility region. When the firing temperature 

exceeds 950 °C, the phase-separated structure occurs in the glass phase. Since the 

molar ratios of SiO2/Al 2O3 in the R3 and R4 were larger than that of R1 and R2, the 

anorthite crystals in them were more easily formed accompanying the phase-separated 

structure and were closely distributed around the crystals. Due to low content and 

uneven distribution, the structural color could not be formed by these phase-separated 

structures. Although the presence of crystalline region did not form structural colors, 

it greatly improved the opalescence of the Ru celadon glaze. 

3.3 Analysis of the coloring mechanism 

In addition to the high molar ratio of SiO2/Al 2O3, the introduction of phosphorus 

into silicate glass could not only reduce the liquidus temperature and viscosity, but 
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also promote the formation of phase separation structures on a wide scale [18]. In the 

chemical composition of samples, the molar ratios of SiO2/Al2O3 were 8.233-11.065, 

and they contained 0.39-0.63 wt% P2O5, so that the phase-separated structure was 

distributed throughout the amorphous region. The enlarged figures of the glass phase 

in Fig. 6 were shown in Fig. 7. The discrete droplet phase-separated structures were 

formed in the samples, and their average diameters were 31, 35, 40 and 46 nm, 

respectively. Yasumoli [19] analyzed the influence of the Al2O3 content on the 

phase-separated structure in the CaO-Al2O3-SiO2 ternary glass system. With the 

increase of Al2O3 content, the size of phase separation droplets decreased, from micro 

nano size to nano size. This was because the introduction of Al2O3 improved the 

mutual solubility of calcium-rich phase and silicon-rich phase. 

The insets in Fig. 7 were the 2D-FFT images corresponding to the 

phase-separated structures. There were a circular ring around the origin, indicating 

that the phase separation droplets of the samples were in short-range order rather than 

complete disorder. Whereas, their average sizes were not within the range of 106-348 

nm, so the amorphous structural color formed in the samples was weak. However, the 

phase-separated structure could lead to the aggregation or segregation of iron, further 

deepening the chemical color of the Ru celadon glaze [20]. 

Based on the above results, the chemical color of iron element played an 

important role in the Ru celadon glaze. Fig. 8 (a) shows the UV-vis-NIR absorption 

spectra of the samples, showing five absorption peaks at 269 nm, 875 nm, 1168 nm, 

1418 nm and 1943 nm, respectively. Fe3+ in [FeO4] tetrahedron presented an intense 

charge transference peak around 269 nm [21]. And the peak at 875 nm associated to 

the characteristic absorption of Fe3+-O-Fe2+ [22]. Besides, there were two strong 

absorption peaks at 1168 and 1943 nm in the samples. They corresponded to the 

characteristic absorption peaks of Fe2+ in [FeO6] octahedron and [FeO4] tetrahedron, 

respectively. The shoulder peak at 1419 nm was related to the deformation of [FeO6] 

octahedron structure of Fe2+ [23]. Furthermore, for R3 and R4, the characteristic 

absorption peak of Fe3+ was stronger than that of R1 and R2, while the characteristic 

peak of Fe2+ was relatively weaker. And R2 had the strongest characteristic peak 
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intensity of Fe3+-O-Fe2+. In general, the tetrahedral coordination of Fe3+ makes the 

glass yellow-green, while Fe2+ and Fe3+-O-Fe2+ make the glass bluish green [21]. 

Therefore, the color of Ru celadon glaze was closely related to the valence of iron 

ions. 

In order to further prove the relationship between the glaze color of Ru celadon 

and the valence state of iron ions, XPS was used to analyze the chemical state of iron 

ions in the samples. Figure 8 (b) shows the XPS fitting pattern of the Fe2p3/2 on the 

sample surfaces. Two peaks at 709-711 eV and 714-715 eV were observed, which 

were ascribed to Fe 2p3/2(II) and Fe 2p3/2(III) [24]. According to the relative areas of 

the peaks, the atomic ratios of Fe2+ and Fe3+ in the four samples were 57.41/42.59, 

66.37/33.63, 42.26/57.74 and 46.71/53.29, which was consistent with the results of 

UV-vis-NIR absorption spectra. 

In the Northern Song Dynasty, the green stone and red stone were used as raw 

materials of the Ru celadon glaze [3], and the XRD spectrums were shown in Fig. 9. 

The main crystals had quartz (SiO2, PDF#48-1045), calcite (CaCO3, PDF#47-1743), 

montmorillonite-15A (Ca0.2(Al,Mg)2Si4O10(OH)2 • 4H2O, PDF#13-0135), 

muscovite-3T ((K,Na)(Al,Mg,Fe)2(Si3.1Al0.9)O10(OH)2, PDF#07-0042) and minor 

kaolinite (Al2Si2O5(OH), PDF#14-0164), which provided iron through muscovite-3T 

and impurity minerals of iron from clay minerals. The firing temperature, firing 

atmosphere and acid-base property of basic glaze had influences on the valence state 

of iron. High temperature, strong acid and reducing atmosphere contributed to the 

reduction of Fe3+, and low temperature, strong alkali and oxidizing atmosphere 

contributed to the oxidation of Fe2+ [25]. It was because of these that lead to the 

differences of glaze color of the Ru celadon in the Northern Song Dynasty.  

4. Conclusion 

The composition and structural characteristics of the Ru celadon glaze in the 

Northern Song Dynasty were studied, besides the coloring mechanism was analyzed 

systematically. The results were as follows: 

(1) In the Ru celadon glaze of the Northern Song Dynasty, the molar ratios of 

SiO2/Al2O3 and CaO/(CaO+Al2O3) affected the formation of micro-bubbles, anorthite 



10 
 

crystals and phase separated structures. A large number of bubbles and anorthite 

crystals formed special glossiness and opacifying effect.  

(2) Although the phase-separated droplets in the amorphous region had 

short-range order, due to their high density and particle size of only 31-35 nm, the 

resulting structural color was weak. However, the opal effect could be formed by 

scattering of phase separation structures, which added to the unique beauty of Ru 

celadon. 

(3) The green-blue tone of the Ru celadon glaze was mainly determined by the 

contents of Fe2+ and Fe3+-O-Fe2+. Also, the phase-separated droplets aggravated the 

segregation of iron, thus deepened the chemical color, and further made the Ru 

celadon glaze appear green-blue. 

(4) Due to the neutral to alkaline soil at the Ru Guan kiln site of Qingliangsi, the 

moisture in the soil and its corrosion caused the formation of Si-OH bond. The lower 

the firing temperature, the stronger the Si-OH bond. It could be used for the 

identification of Ru kiln celadon. 
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Figure Captions 

Fig. 1 Celadon shards of the Northern Song Dynasty Ru kiln. 

Fig. 2 Scatter diagrams of L* and C*, h* on the glaze surfaces of samples. 

Fig. 3 Optical images on the glaze surfaces of samples. 

Fig. 4 (a) Raman spectra on the glaze surfaces of samples; (b) Fitting Raman spectra 

in the range of 150-1250 cm-1. 

Fig. 5 XRD spectrums of the samples. 

Fig. 6 SEM micrographs of the etched glaze surfaces and EDS spectra of long 

columnar crystals in the Ru celadons. 

Fig. 7 Typical SEM images and corresponding 2D-FFT images of samples in 

amorphous regions. 

Fig. 8 (a) UV-vis-NIR absorption spectra; (b) Fitting XPS spectra of Fe2p3/2 of 

samples. 

Fig. 9 XRD spectrums of raw materials for the Ru celadon glaze. 

Table 1 Introduction to the characteristics of celadon samples from Northern Song 

Dynasty Ru kiln. 

Table 2 Colorimetric values on the glaze surfaces of samples. 

Table 3 Chemical compositions of the Ru celadon glazes (wt%). 

Table 4 b value and mole ratios of CaO/(CaO+Al2O3) and SiO2/Al 2O3 in the Ru 

celadon glazes. 



Table 1 

No. Body color Thickness of glaze Glaze appearance 

R1 Gray-white 511 μm Matte glaze surface, fine and dense cracks, sky-blue glaze 

R2 Gray-white 532 μm Bright and fine glaze surface, full of cracks, sky-blue glaze 

R3 White-gray 451 μm Bright glaze surface, green-yellow glaze 

R4 White-gray 693 μm Bright and fine glaze surface, sparse cracks, sky-green glaze 

 

 

Table 2 

No. L* a* b* C* h* 

R1 56.56 -6.00 2.44 6.48 157.90 

R2 61.95 -5.30 -0.03 5.30 180.30 

R3 60.39 -3.43 5.55 6.53 121.71 

R4 65.17 -6.50 5.05 8.23 142.14 

 

 

Table 3 

No. Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 P2O5 MnO2 

R1 0.02 1.97 14.08 70.65 2.58 8.26 0.16 1.54 0.63 0.11 

R2 0.37 2.00 14.79 71.63 2.44 6.52 0.13 1.48 0.52 0.12 

R3 0.35 0.93 12.27 74.35 1.90 7.59 0.18 1.87 0.39 0.17 

R4 0.10 1.09 11.56 75.24 1.82 8.24 0.11 1.20 0.52 0.12 

 

 

 

Table 4 

No. R1 R2 R3 R4 

b (RO/(RO+R2O)) 0.876 0.839 0.860 0.893 

CaO/(CaO+Al2O3) 0.517 0.445 0.530 0.561 

SiO2/Al2O3 8.530 8.233 10.301 11.065 
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