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Fig. 1 Tea-dust glaze fragments made in Song Dynasty.
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Fig. 2 Optical images of minerals in tea-dust porcelain.
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Table 1  Analytical results of elements in different color spots of the tea-dust glaze.

TLER (%)

AR ETE S
Na,O MgO ALO; Sio, K,O CaO TiO, Fe,0, P,O; MnO
T (LB A, 0.93 1.74 13.99 53.94 3.25 12.09 1.65 11.33 0.88 0.20
- I 0.96 1.58 12.44 58.96 4.03 10.32 1.28 9.73 0.53 0.17
LEIUN 0.94 1.66 13.22 56.43 3.64 11.21 1.47 10.54 0.71 0.18
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Table 2  Analytical results of elements in glaze layer of tea-dust porcelain.
- P =N
T A TREE (%)

Gacs Na,0O MgO ALO; Sio, K,O CaO TiO, Fe,0, P,0, MnO
®1AT 0.87 1.28 18.36 57.44 3.62 10.29 0.94 6.92 0.16 0.11
9247 0.84 1.68 13.36 59.79 3.84 9.94 1.16 9.05 0.19 0.16
9347 0.87 1.55 13.13 61.50 437 9.34 0.92 8.03 0.12 0.15
95417 0.84 1.65 12.59 61.53 4.42 9.18 0.88 8.60 0.14 0.16
5517 0.86 1.65 13.51 60.63 3.88 9.66 0.93 8.60 0.12 0.16
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Fig. 3 Images of minerals in tea-dust porcelain by SEM.

— 119 —



HO

i

551 1] 2025 4F
http: //www. ykes. ac. cn
%3 EDS P ik
Table 3 Elemental composition of mineral crystals under EDS.
TEEEF i Lt (at%)
EDS it sifi
Si Al Ca Fe Mg K Na Cr Ti Mn

1 63.67 13.8 8.14 3.97 3.61 4.85 1.96 / / /
2 60.59 21.39 7.99 2.08 2.48 1.07 4.22 / / 0.18
3 51.53 25.74 13.82 3.83 1.6 1.13 2.35 / / /
4 5.61 2.18 1.26 89.71 / 0.98 / / / /
5 41.2 34.14 3.26 4.79 4.37 2.78 3.03 / 5.87 /
6 1.85 / 0.43 65.59 29.93 0.23 / 1.96 / /
7 11.78 6.5 / 71.79 / / / / 3.92 /
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Fig.4 Raman spectra of the samples.
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Fig. 5 Secondary ion images of the section of the body and glaze.
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Microstructure Characterization and Mineral Morphology of Tea-Dust
Glaze Made in the Ding Kiln of the Northern Song Dynasty

XU Jianye'?, WANG Fufang'?, LIANG Handong"*", LI Zhanping™*
(1. State Key Laboratory for Fine Exploration and Intelligent Development of Coal Resources, Beijing 100083,
China;
2. College of Geoscience and Surveying Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China;
3. Key Laboratory of Organic Optoelectronics and Molecular Engineering of Ministry of Education Department of
Chemistry, Tsinghua University, Beijing 100084, China;
4. Analysis Center Tsinghua University, Tsinghua University, Beijing 100084, China)

HIGHLIGHTS

(1) Tea-dust glaze belongs to the iron system of crystallization glaze, which is manifested as tan mineral crystals and
sauce-black glaze matrix rich in iron.

(2) The residual kaolinite of glazed raw materials shows that the firing temperature of the samples in this study was
most likely below 1200°C.

(3) ToF-SIMS can distinguish micron-level mineral discrimination in sifu on ancient ceramics.

ABSTRACT: The tea-dust glaze ancient porcelain is one of the earliest crystalline glazes, which is rarely studied
deeply because of its rarity. In this study, the mineral crystals in tea-dust glaze made in the Ding Kiln of the
Northern Song Dynasty were analyzed by optical microscope (OM), laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS), scanning electron microscopy coupled with an X-ray energy dispersive spectrometer
(SEM-EDS), laser confocal Raman spectrometer (LRS), and high-resolution time of flight-secondary ion mass
spectrometry (ToF-SIMS). The results show that the main crystal phase in the glaze is the same as that of the
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Longquanwu Kiln in the Liao and Jin Dynasty, which is anorthite and augite. The overall performance of the glaze
is that the sauce-black glaze matrix is rich in iron (Fe,O; mean 9.73%) and the mineral crystal is rich in iron (Fe,O;
mean 11.33%). In addition to a-Fe,0; crystals, Fe;O, crystals and other recrystallized minerals after melting, the
glaze also has pleonaste, residual kaolinite and other unmelted minerals from raw glaze materials. The residual
kaolinite shows that the firing temperature of the samples in this study was most likely below 1200°C. The BRIEF
REPORT is available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykcs.202401290011.

KEY WORDS: tea-dust glaze; minerals; element imaging; ToF-SIMS; LA-ICP-MS

BRIEF REPORT

Significance: Modern scientific research on ancient ceramics encompasses numerous aspects, such as the mineral
crystal characteristics of the glaze!”, the color mechanism of the glaze®®, the ancient firing process and raw
materials’™), and the reproduction and restoration of ancient ceramics'®. The utilization of modern cutting-edge
analytical instruments to conduct in-depth and detailed research on ancient ceramics, such as tea-dust porcelain, can
enhance the understanding of the production process, color mechanism, layered structure and other aspects of
ancient ceramics. It cannot only offer methods, principles, research data and other supports for the imitation and
restoration, identification, protection and restoration of ancient ceramics, but also promote and inherit the
outstanding ancient porcelain culture and advance the progress of related intangible cultural heritage.

As one of the earliest crystallized glazes, to date, 12 samples of tea-dust glaze from ancient kilns have been
systematically investigated, including the Huangbao Kiln in the Tang Dynasty, the Hunyuan Kiln, the Guantai Kiln
and the Longquanwu Kiln in the Liao and Jin Dynasties'”). With the deepening of research on ancient ceramics, the
importance of minerals has become increasingly prominent, but there is still a lack of directional classification of
minerals in this field. At the same time, the majority of the scientific instruments employed have been phased out,
and more experimental analysis and data support are urgently needed to establish a more comprehensive database of
tea-dust glaze characteristics.

In this research, tea-dust glaze pieces of the Ding Kiln in the Northern Song Dynasty were studied by LA-ICP-
MS, ToF-SIMS, SEM-EDS and LRS. Drawing on the mineral crystallization and weathering processes of igneous
rocks and previous mineral related research results, for the first time, mineral crystals in ceramic glazes were
classified into three categories based on their genesis system: post melting recrystallized minerals, unmelted
minerals, and weathering minerals. The different classification minerals were revealed to have different indicative
meanings for ceramic research. The tea-dust glaze belonged to the iron system of crystallization glaze, which was
manifested as tan mineral crystals and sauce-black glaze matrix rich in iron. The residual kaolinite of glazed raw
materials shows that the firing temperature of the sample was most likely below 1200°C, which was different from
the current view that the tea-dust glaze of Tang and Song such as the Yaozhou Kiln belonged to high-temperature
glaze.

Methods: (1) Sample information. The sample is the waist fragment of a pot from the Ding Kiln of the Northern
Song Dynasty. The exterior is coated with tea glaze (Fig.1a), while the interior is unglazed (Fig.1b). The body,
approximately Smm thick and white in color (Fig.1c), exhibits distinct spots of rust and other colors (Fig.le). This is
in accordance with the fundamental characteristics of direct tire production by Dingyao, using weathered coal
gangue (white dirt) as a raw material®'!. The cross section of the glaze layer, approximately Imm thick, presents a
sauce-black glaze matrix (Fig.1e). A 1.5cmx1.5cm rectangular block was fabricated by cutting the sample fragments
and thinned to a thickness of 0.5cm, while the original glaze was retained as test sample A (Fig.1d). Another
1.5cmx1.5cm rectangular block was produced and beveled at an angle of approximately 60° from the normal of the
enamel surface to “extend” the matrix of the measured glaze, and then polished as test sample B (Fig.le).
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Additionally, a 3cmx0.5cm rectangular block was made to smooth the tire base and the section was fabricated into
an optical slice (Fig.1f).

(2) LA-ICP-MS analyses. LA-ICP-MS consists of a 193nm deep ultraviolet laser denudation system (Applied
Spectra’s Resolution SE) and an inductively coupled plasma mass spectrometer (Agilent’s Agilent 7900). Laser
parameters are set as follows: spot diameter 50um, denudation frequency 10Hz, energy density 3.5J/cm?, scanning
speed 3pum/s. Detailed equipment tuning parameters can be found in Thompson et al**, NIST610, NIST612, BCR-
2G and BHVO-2G were used as standard samples, and the standard sample was inserted after every 10 sample
points for analysis. The data were corrected by the “3D Trace Element” method using Iolite software without an
internal standard method, and the valence state of iron was bivalent.

(3) ToF-SIMS analyses. ToF-SIMS (TOF SIMS 5-100, ION-TOF GmbH, Germany) was set with a cycle time
of 100pm (0—1000amu). A sputtering gun was used to remove sample surface contamination, and an electron gun
(£20keV) was used to neutralize the charge effect on the sample surface. Spe mode parameters: an ion beam Bil",
energy 30keV, beam (pulsed) 0.8pA; fast mode parameters: an ion beam Bil”, energy 30keV, beam (pulsing) 1.0pA.
Sputtering parameters: the sputtering gun chooses Ar, cluster ions to avoid surface oxidation caused by the
sputtering beam, with an energy of 10keV and a beam current of about 9nA. SurfaceLab 7.2 software was used to
correct and analyze the ToF-SIMS experimental data.

(4) SEM-EDS analyses. Before the use of SEM-EDS (Phenom ProX), the sample glaze was wiped and cleaned
with analytical grade ethanol, and then sprayed with platinum. The accelerated voltage was 15kV and the electron
beam current was 0.6nA.

(5) LRS analyses. Mineral phase identification was completed by using LRS (HORIBA XploRA Plus). The
test point was selected under a high-magnification objective (x100). The laser wavelength was 638nm, the laser
power was 25mW, the spot diameter was 1pum, the scanning range was 100—1800cm ', and the exposure time was
10-100s. Each location was scanned twice.

Data and Results: The sample is of a high calcium glaze (CaO content>10%), and also an iron crystalline glaze.
The overall performance of the glaze matrix is a sauce-black iron-enriched (Fe,O; content mean of 9.73%) and
yellow-brown mineral crystal iron-enriched (Fe,O; content mean of 11.33%). The mineral clusters can be classified
into three types based on their elemental composition and morphological characteristics. The main crystalline
minerals are anorthite and augite formed through recrystallization after melting, which are consistent with those of
the Longquanwu Kiln in the Liao and Jin Dynasties. The Raman spectra of a-Fe,0; crystals precipitated by saturated
iron elements are in accordance with those of the black glaze Huabei oil in the Song Dynasty and the Linfen Kiln in
Shanxi®*”. Residual kaolinite as an unmelted mineral was detected in the glaze, which indicates that the sintering
temperature is lower than 1200°C. SIMS ion imaging indicated that Fe was not uniformly enriched near the glaze
bubble, and there was a 20—80um thick anorthite crystal layer at the fetal glaze junction, rather than a dense reaction

layer in the makeup clay or glass state.

Sk mechanism of the Brown glaze porcelain of the Yaozhou
(1] BRACE:, 356, X6 HE. 45 5l 0 40 75 BF 9t (1), Kiln in the Northern Song Dynasty[J]. Ceramics
IS IE, 1996, 42(2): 129-135. International, 2019, 45(8): 10589—10595.
Chen D Z, Yuan J Z, Liu G H. Green pyroxene studies of [4] Chen X Y,Li WD, XuCS, et al. Angle dependence of
crystalline glazes[J]. Geological Review, 1996, 42(2): Jian bowl color and its coloring mechanism[J]. Journal
129—-135. of the European Ceramic Society, 2022, 42(2): 693—706.
[2] Tao S, Liu S, Yuan Y, et al. Micro-structural and [5] Wu B, Zhao W, Ren X, et al. Firing process and
compositional study: &-Fe,O; crystals in the Hare’s Fur colouring mechanism of black glaze and brown glaze
Jian Ware[J]. Crystals, 2022, 12(3): 367-371. porcelains from the Yuan and Ming dynasties from the
[3] Wen R, Wang D, Wang L H, et al. The colouring Qingliang Temple kiln in Baofeng, Henan, ChinalJ].
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