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The Five Dynasty sky-green, Song dynasty olive-green and Jin dynasty moon-white glazes are three typical glazes of the
Yaozhou celadon. In this work, the coloring mechanism of the three celadon glazes were compared and analyzed by using
colorimeter, EDXRF, XRD, XPS and Raman spectrometer. The results indicate that the content of Fe,0; is proportional to
the depth of the glaze colors. The Raman Ip value indicates that the firing temperature of the Song dynasty olive-green glaze
was the highest, followed by the Five Dynasty, and then the Jin dynasty. The lower firing temperature and dense bubbles are
important causes of the high opacification of the Jin moon-white glaze. The ratio of Fe?* to Fe** in the glaze is directly
proportional to the b* value, which is the main reason for why the Yao celadon glaze colors are yellow-green in Song, but

bluish in the Five Dynasty and Jin dynasty.

Key words: Yaozhou celadon, Five Dynasty sky-green, Song dynasty olive-green, Jin dynasty moon-white porcelains, coloring

mechanism.

Introduction

Celadon, originated in China and is representative of
its ancient ceramic culture. From the beginning of the
middle period of the Shang dynasty, many famous
celadon kilns in China were built [1]. Southern celadon
is famous for kilns such as Longquan and Yue kiln,
while northern celadon is represented by Yaozhou kiln
with a long history, rich categories, and excellent
quality. The Yaozhou Kiln, located in Huangpu Town,
Tongchuan City, Shaanxi Province, has gone through
many dynasties such as the Tang, Five Dynasty, Song,
Jin, and Ming dynasties. Porcelain, especially celadon,
have various types and distinctive features. Among
them, the Five Dynasty sky-green, the Song dynasty
olive-green, and the Jin dynasty moon-white wares are
the most typical.

The Five Dynasty Yaozhou kiln is based on the
porcelain making process of the Tang dynasty and the
sky-green ware is fired with black or white bodies [2,
3]. The sky-green ware is mirror-like bright and paper
thin and produces chime-like sound [4, 5]. The Song
dynasty uses olive-green ware, with gray and fine
bodies, pure glaze color, rich glass texture, is as
beautiful as jade and uses the best Yaozhou celadon
[6]. Entering the Jin dynasty, the moon-white ware was
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fired for the first time in Yaozhou kiln. Its glaze color
is milk white with green hues. The glaze is thick,
opalescent, gentle, and jade-like. Since it is like a
bright moon in the autumn night, quiet and gentle, it is
called a “moon-white glaze” [7, 8]. In recent times,
researches have been performed on Yaozhou celadon in
different eras but are generally concentrated on the
characteristics of kilns, celadon materials, and firing
technology. In-depth, comprehensive research is rare,
especially comparative studies on the relationships
between coloring mechanism and colorimetric values.

Based on the above, some test samples of Yaozhou
celadon from the Yaozhou Kiln Museum and Shaanxi
Provincial Institute of Archaeological and a comparative
analysis of the chemical composition, phase, and
chemical state of the Five Dynasty sky-green, the Song
dynasty olive-green, and the Jin dynasty moon-white
glaze has determined the relationship between the
coloring mechanism and color value of the three period
celadon of the Yaozhou Kiln, and root cause of the
color difference has been studied. It provides theoretical
support for the source and generation archaeology of
Yaozhou celadon, research on the firing process, and
research on complex imitation and innovative
development.

Experimental Procedure

The Five Dynasty, Song, and Jin dynasty celadon
shards of Yaozhou kiln were adopted as test samples.
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Table 1. Introduction to the sources and characteristics of Five Dynasty sky-green, Song dynasty olive-green and Jin dynasty moon-white

porcelains from Yaozhou kiln.

Glaze Unearthed Provider Number Appearance characteristics
address
WTO01 Body thickness: 3.0 mm, fine, black; glaze thickness: 0.5 mm, sky-green
WTO02 body thickness: 2.8 mm, fine, black; glaze thickness: 0.2 mm, sky-green
) WTO04 body thickness: 2.6 mm, fine, white; glaze thickness: 0.3 mm, sky-green
n‘ﬁ:eﬁ? WTO05 body thickness: 3-5 mm, fine, gray; glaze thickness: 0.2 mm, sky-green
Shaanxi’ WTO06 body thickness: 3.2-3.8 mm, fine, pale-grey; glaze thickness: 0.1 mm, sky-green
FiveDynasty Huangpu  province body thickness: 4.0-8.0 mm, slightl . glaze thickness: 0.2
sky-green  ruins WT07 g;)e e}; ickness: 4.0-8.0 mm, slightly coarse, gray; glaze thickness: 0.2 mm, sky-
WTO08 body thickness: 2.0-4.0 mm, slightly coarse, white; glaze thickness: 0.1 mm, sky-
green
Shaanxi Provin-
cial Institute of  WTO03 body thickness: 3.0 mm, slightly coarse, white; glaze thickness: 0.2 mm, sky-green
Archaeological
S01  body thickness: 2.0 mm, fine, pale-grey; glaze thickness: 0.2 mm, olive-green
S02  body thickness: 2.2 mm, fine, pale-grey; glaze thickness: 0.4 mm, olive-green
Song Yao kiln S03  body thickness: 4.8-6.8 mm, fine, pale-grey; glaze thickness: 0.2 mm, olive-green
Huangpu museum , . . .
lfiynaStY ruins Shaanxi S04 body thickness: 2.3 mm, fine, pale-grey; glaze thickness: 0.4 mm, olive-green
onve-green province S05  body thickness: 4.4 mm, fine, pale-grey; glaze thickness: 0.6 mm, olive-green
S06 body thickness: 1.4 mm, slightly coarse, shallow gray; glaze thickness: 0.3 mm,
olive-green
JO1  body thickness: 3-5 mm, slightly coarse, gray; glaze thickness: 0.2 mm, moon-white
102 body thickness:4.5-6.5 mm, slightly coarse, gray; glaze thickness: 0.2 mm, moon-
white
) Yao kilns J03  body thickness: 3.5 mm, fine, turmeric; glaze thickness: 0.6 mm, moon-white
Jin dynasty Huangpu museum, . . .
moon-white  ruins Shaanxi J04  body thickness: 4-8 mm, fine, pale-grey; glaze thickness: 0.2 mm, moon-white
province 105 body thickness: 5-9 mm, slightly coarse, turmeric; glaze thickness: 0.8 mm, moon-
white
106 body thickness: 7-11 mm, slightly coarse, gray; glaze thickness: 0.7 mm, moon-
white
The unearthed addresses, providers, and external A colorimeter (X-Rite Ci7800, USA) was used to test
characteristics of the samples are listed in Table 1. The the colorimetric values, L* (L* indicates brightness,
digital photos of some samples are shown in Fig. 1. where 0 is black, and100 is white), a* (The a* value

Fig. 1. Celadon shards of Song dynasty,Five Dynasty and Jin dynasty from Yaozhou kiln.



760

indicates color variation ranges from red to green,
where a positive value denotes red, and a negative
value denotes green), and b* (The b* value indicates
the change in color range from yellow to blue, with a
positive value associated with yellow, and a negative
value associated with blue), of the samples. The
chemical compositions of celadon shards were
determined by X-ray fluorescence (EDXRF, XGT-
7200V, Japan). The phase compositions of the test
pieces were identified by X-ray diffraction (XRD, D/
max 2200PC, Japan) with Cu K, radiation (A=1.5406
A) and scanning from 10° to 80° under 40 kV and 100
mA. The molecular structure of the sample was
analyzed by a micro-confocal laser Raman spectrometer
(Raman, Renishaw-invia, UK), and the firing temperature
of the celadon was calculated according to the Ip value
(Ip = Aspo/A1000, Which is the ratio of the peak area of
the Raman spectrum at approximately 500 cm” and
1000 cm™). The chemical analysis was performed on
an ESCALAB MKII X-ray photoelectron spectrometer
(XPS, VG Scientific, UK) using Al K a radiation. The
optical spectra of the samples were measured with a
spectrophotometer (Cary 5000, USA).

Results and Discussion

Chromaticity and chemical composition of sample
glazes

Table 2 and Figure 2 are the distribution maps of the
L*, a*, and b* values of the celadon shards of the Five
Dynasty, Song, and Jin dynasty of Yaozhou kiln,
respectively. The L* value of the Five Dynasty sky-
green wares in Yaozhou kiln is generally the most
concentrated and highest (53-66); the lightness value of
the Song dynasty olive-green glaze is generally the
lowest but relatively scattered; and the L* value of the
Jin dynasty moon-white glaze is between the Five
Dynasty and the Song dynasty, close to the Five
Dynasty celadon. It can be seen from the a* value radar
distribution diagram in Fig. 2(b) that the glaze color of
the Five Dynasty sky-green enamel is the greenest,
followed by the Jin dynasty moon-white glaze, and
then the Song dynasty olive-green glaze. Fig. 2(c)
shows that the glaze color of the Five Dynasty samples
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Table 2. Colorimetric values of glaze surfaces in celadon

samples.

Dynasty Number L* a* b*
WTO1 60.07 -2.81 6.97
WTO02 53.74 -1.77 11.25

WTO03 62.23 -4.84 8.58
Five WT04 61.92 -3.44 11.84
Dynasty WTO05 61.39 -4.33 8.47
WTO06 59.99 -2.62 10.66

WTO07 57.70 -2.69 8.11

WTO08 65.13 -4.21 7.35
S01 53.79 0.39 15.70
S02 45.06 -1.34 14.60
Song S03 48.88 -1.37 13.03
dynasty S04 48.11 -0.90 12.63
S05 55.20 -0.21 14.29
S06 55.65 -1.91 10.19

Jo1 34.88 -0.90 6.49
J02 57.92 0.17 11.20
Jin Jo3 57.38 -3.21 11.97
dynasty Jo4 64.80 -1.86 9.42
JOS 55.68 -1.33 7.42
J06 61.03 -1.32 10.52

is the bluest, the Song dynasty is yellowish, and the Jin
dynasty is between the two. This is consistent with the
previous research results of Zhen Sang et al. [9]. The
L*, a* and b* values of the celadon are related to the
chemical compositions of the celadon glaze, the
content, and the valence state of iron ions.

Table 3 shows the chemical composition of the Song
dynasty olive-green, the Five Dynasty sky-green, and
the Jin dynasty moon-white glazes of Yaozhou kiln. It
was found from Fig. 3 and Table 3 that the Five
Dynasty celadon glaze of Yaozhou kiln has the highest
K,O content, and the CaO content is much higher than
that of the Song and the Jin dynasties. K,O can
contribute to the greenish-blue color of the glaze, and
CaO acts as a flux for the glaze during the firing
process, which can improve both the fluidity of the
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Fig. 2. Scatter diagrams of L*, a* and b*of glaze surfaces in celadon samples.
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Table 3. Chemical compositions of the celadon shards from Yao zhou kiln (wt%).

Number NaO K70 MgO CaO AlHO3 SiO; FeyO3 TiO, P05
WTO01 0.580 4.767 0.530 14.535 10.805 62.707 3.683 0.305 0.070
WTO02 0.870 4.105 0.808 13.297 10.478 64.040 5.163 0.295 0.058
WTO03 1.100 6.213 0.583 19.823 9.153 58.550 3.393 0.110 0.343
WT04 0.780 5.193 1.120 17.560 8.567 60.440 4.877 0.293 0.537
WTO05 1.653 9.047 1.223 19.953 8.013 54.367 4.043 0.170 0.557
WT06 2.060 5.667 0.403 15.257 8.610 62.210 4.473 0.237 0.310
WTO07 1.110 6.518 0.395 14.785 10913 57.833 3.603 0.333 0.135
WTO08 0.850 5.002 0.923 21.168 8.798 55.683 3.023 0.297 0.382

S01 1.490 3.695 0.628 10.732 8.607 66.822 4910 0.332 0.142
S02 0.340 3.942 1.003 16.030 8.548 59.385 5.335 0.278 0.400
S03 0.573 4.177 1.603 16.417 9.930 60.380 5.503 0.473 0.260
S04 2.510 4.137 0.700 17.580 9.040 58.678 6.050 0.580 0.430
S05 1.380 5.218 0.613 9.500 10.845 66.897 4.040 0.342 0.207
S06 5.490 4.017 0.407 9.570 10.650 63.360 5.667 0.383 0.020
Jo1 1.820 3.854 0.491 11.053 10.467 52.496 3.990 0.703 0.535
J02 0.790 4513 1.097 9.067 11.493 68.063 3.993 0.350 0.177
JO3 1.940 4.775 1.110 8.533 11.988 67.810 2.112 0.295 0.112
Jo4 1.583 4313 1.243 8.703 10.827 68.503 3.830 0.417 0.073
JO5 0.890 4417 0.747 7.078 11.655 70.388 2.838 0.470 0.197
J06 0.620 4.517 0.953 10.922 10.275 66.090 3.420 0.250 0.133
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Fig. 3. Distribution map of K,0O, CaO and Fe,O; contents in celadon glazes of Five, Song and Jin dynasty of Yaozhou kiln.

glaze melt and the gloss of the glaze player surface.
Therefore, the glaze color of the Five Dynasty sky-
green glaze is greenish blue, and the transparency and
gloss of the glaze layer are high [10, 11]. The order of
Fe,O; content in the samples from greatest to least is
Song, Five Dynasty, and Jin, and the same order of
P,0Os content is Five Dynasty, Song, and Jin, respectively.
P,Os can promote the phase separation of celadon
glaze, leading to the segregation of Fe, which has a

deepening effect on the greenish-blue tone of the
celadon glaze [12]. However, due to the weak reducing
atmosphere used in the firing of olive-green glaze
porcelain in the Song dynasty, the glaze color is
yellowish green instead of blue [13], while the Five
Dynasty sky-green glaze is more bluish due to the
higher content of Fe,O; and P,Os than that of the Jin
dynasty moon-white glaze. The base glazes of the three
dynasties celadon are similar to each other, but the gaps



762 Zhen Sang, Fen Wang, Xiaojuan Yuan, Shurui Shen, Jing Wang and Xiaohong Wei

in TiO, and Fe,O; content are relatively large, which is
the same as that of CaO. The content of TiO, in the
celadon of the Song dynasty is not the highest while
the content of Fe,O; is the highest, so the color of the
celadon glaze is darker than that of the Five Dynasty
and the Jin dynasty, and the color of the Jin dynasty
celadon glaze is the lightest. However, according to the
L* data in Fig. 1(a), the brightness of the Jin dynasty
moon-white glaze is lower than that of the Five
Dynasty sky-green glaze, which may be caused by the
thinner layer and lower opacity of the Five Dynasty
sky-green glaze, resulting in less absorption of light. In
addition, according to the data in Table 3, the
discriminant coefficient b* values of the calcium glazes
of the Five Dynasty, Song, and Jin dynasty celadon
glazes of Yaozhou kiln were calculated, that is, RO/
(RO + R,0), and the average values were 0.80, 0.77,
and 0.73, which indicate that the celadon glazes of the
Five Dynasty and the Song dynasty belong to calcium
glaze, while the samples of the Jin dynasty belong to
the calcium-alkali glaze [14, 15]. However, according
to silicate dictionary, the weight percentage of CaO
wt% > 8 is considered as the standard of the calcium
glaze [16]; thus, the celadon glazes of the three periods
of Yaozhou kiln belong to the calcium glaze. This is in
agreement with previous research of Zhu et al. [17].

Phase and molecular structure analysis

Fig. 4 shows the XRD patterns of WT03, WT04,
S04, S05, J02, and JO3 glazes. The characteristics of
the amorphous hump can be seen within the 20~15-
35°range in all samples, which are associated with a
large amount of aluminosilicate glass [18], where S05
and WTO3 are the most obvious. In addition, all
samples have different intensities of crystalline diffraction
peaks, where the most intensive is from the Jin dynasty,
followed by the Five Dynasty, and the weakest is in the
Song dynasty. The anorthite content of the celadon

W -Cristobalite & -Mulitte *-Ql artz
‘ ’-'\nirflh te
© ©

*
*
& * ks WT03
Srraken e, S I

L
* *
& A - 504

S05

PR

W_*AJV_,._/J‘ — PO R o I A

Intensity /(a.u.)

10 20 30 40 50 60 70 80
20/(°%)
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Fig. 5. Raman spectra on glaze surfaces of samples.

glazes of the three dynasties is high, which is related to
the content of CaO in the glaze (as shown in Table 3)
.The content of CaO in the glaze of the three periods is
strong relatively, which has a greater contribution to
the precipitation of anorthite crystals and makes the
content of anorthite crystals increased. This is because
the chemical composition of the ceramic glaze
determines its crystallinity [19].The compositions of
the base glaze from the three dynasties are relatively
close to each other, and the crystal types are basically
the same. Among the three samples, the crystalline
content in Jin dynasty sample was relatively high,
likely due to its firing temperature.

Figure 5 shows the Raman spectrum of the glaze of
WTO03, WT04, S04, S05, J02, and JO3 samples. It can
be seen that all samples have two strong Raman peaks
at 480.53 cm” and 1050.62 cm™, which are the
bending and stretching vibration peaks of the Si-O
bond in the [SiO,] tetrahedron [20, 21]. According to
the research of Colomban et al. [20], the bending
vibration peak and stretching vibration peak of the Si-
O bond in the sample [SiO,] tetrahedron were Gaussian
fitted, and their respective Ip values were calculated (as
shown in Fig. 6). The order of their Ip values is SO5 >
S04 > WTO03 > WT04 > J03 > J02. Accordingly, the
firing temperature of the Song dynasty olive-green
glaze of the Yaozhou kiln is the highest, followed by
the Five Dynasty sky-green glaze, and the Jin dynasty
moon-white glaze is the lowest. This is consistent with
the results of previous studies [13, 22].

Figure 7 is an optical photograph of the sample glaze
surface. By comparison, the bubbles of the Jin dynasty
moon-white glaze in Yaozhou kiln are the smallest and
densest. The bubbles can generate strong scattering on
incident light, so the opaqueness of the glaze of the Jin
dynasty samples is the highest, thereby greatly improving
the jade effect of the glaze. The bubbles in the Song
dynasty samples are relatively low in density and large
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Fig. 7. Optical images on glaze surfaces of samples.

in size, so the surface of the glaze is smooth and the
glaze layer is transparent; the density and size of the
bubbles in the Five Dynasty samples are in the middle,
and the opacification effect is formed by the crystals
and bubbles in the glaze. During the firing of ceramics,
the partial pressure of the gas in the bubble is related to
the supersaturation of the dissolved gas in the glaze
melt. The greater the supersaturation, the lower the
partial pressure of the gas in the bubble, which makes
it easier for the gas to enter the bubble from the melt.
As the volume of the bubble increases, its rising speed
gradually accelerates, and then rapidly floats on the
surface of the glaze [23]. According to the differences
in density and bubble size in the sample glazes of
different periods, the supersaturation of the dissolved

gas in the Song dynasty olive-green glaze of Yaozhou
kiln is the highest, followed by the Five Dynasty sky-
green glaze and the Jin dynasty moon-white glaze. It
was also determined that the higher the viscosity of the
glaze melt, the lower the supersaturation. The lower the
firing temperature of the ceramic or the higher the SiO,
content in the chemical composition of the glaze, the
greater the melt viscosity, and the lower the
supersaturation. As firing temperature of the glaze
increases, the chemical composition of the alkali metal
and alkaline earth metal in the chemical composition
increases. The higher the content, the lower the viscosity
of the melt, which leads to higher supersaturation [23].
The samples in the Song dynasty have higher alkali
metal and alkaline earth metal contents and firing
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Fig. 8. Fitting XPS spectra of Fe 2p3/2 for glaze of samples.

temperatures, thus the size of the bubbles in the glaze
is larger and the transparency of the glaze layer is
higher, while the celadon glaze in the Jin dynasty
sample has the highest SiO, content and the lowest
firing temperature, so it is difficult for bubbles to be
expelled, accumulating densely on the glaze.

Relationship between Fe ion chemical state and
glaze color

The color of celadon glaze is mainly determined by
the chemical color produced by the Fe ion coloring
group. To accurately analyze the relationships between
the coloration and the chemical state of the Fe element
of the Yaozhou Five Dynasty sky-green, the Song
dynasty olive-green and the Jin dynasty moon-white
glazes, two samples close to the average value of each
dynasty were selected according to the L*, a*, and b*
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Fig. 9. Reflection spectrum of samples.
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values by Casa XPS software to perform peak-split
fitting processing on its Fe 2p3/2 energy spectrum
curve. It was found from the fitting diagram in Figure 8
that the electron binding energies of Fe2p3/2 (III) and
Fe2p3/2 (II) are 712.02-714.83 eV and 708.44-710.78
eV, respectively [20]. According to the area of each
peak, the ratios of Fe*'and Fe*" in samples WTO3,
WTO04, S04, S05, J02, and JO3 are 31.55/68.45, 34.15/
65.85, 55.22/44.78, 51.51/48.49, 39.03/60.97, and
44.94/55.06, which is consistent with the results of the
UV-vis-NIR reflection spectra in Figure 9. Generally,
the sample color of the Five Dynasty sky-green glaze is
relatively blue, the Song dynasty olive green glaze is
yellowish green, and the Jin dynasty moon-white glaze
is between the two but closer to that of the Five
Dynasty. The greater the ratio of Fe** to Fe?', the
greater the b* value of the glaze [24], which is
generally consistent with the b* values of the samples
in Table 2.

Conclusion

(1) The content of Fe,O; in the Song dynasty olive-
green, the Five Dynasty sky-green, and the Jin dynasty
moon-white glazes of Yaozhou kiln successively
decreased, which is the main reason for the gradual
fading of their glaze colors. The higher content of KO,
Ca0, and P,0Os in the Five Dynasty sky-green glaze is
the main factor for its deep greenish-blue color.

(2) The Raman Ip value of Yaozhou celadon in the
Song, Five Dynasty and Jin dynasty decreased
successively, indicating that the firing temperature was
the highest in the Song dynasty. Lower firing
temperatures are one of the main reasons for the
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smallest and densest bubbles in the glaze layer of the
Jin dynasty moon-white ware, which is also an
important reason for its highest opacity.

(3) The order of the ratio of Fe** to Fe’" in the
celadon glaze of the three dynasties of Yaozhou kiln is
Song > Jin > Five Dynasty. This ratio of iron ions is
the root cause of the successive color decrease of the
greenish-blue for the Five Dynasty sky-green glaze, the
Jin dynasty moon-white and for the Song dynasty
olive-green glaze.
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