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(a) Macroscopic image

(b) Cross-section

(c) Microscopic image

Bl 1 FESD HY-TH-01 (2 WA RO T 50
Fig. 1 Macroscopic and microscopic images of HY-TH-01 sample
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K] 2a~&] 2d V5 7 BRI AERE i HY-TH-01~
FE il HY-TH-04 3 T it 28 A8 2 1 6 22 A s
AP 2a AT 0L, FE 5L HY-TH-01 Bl 22 1 A7 726 A HER
P, IXFECHOIR AR 2 (K] 2a, P-02)RIER
(K 2a, Pt-03)2 FhaRe. W REARCRFIAR CRCR
RIS ATSEE, W3R 1. BABUREE RS

1um #| 13 pm A%, Fr#EZH 3.1 um; HREAFIR G
RSHEEY 3~41 pm, FRAEZEN 8.1 pm. HEF
MR AARSF IR SF(13.9 um) B 8K T % t BIR Ak
(6.6 um), HHJFWENEK . Britbz Ak, il b W
T2 LA FOK IR 21 € F T df 14 (PE-04) BA KK B 24
N EREPE-01), RSN T 1 um. SR SEM i
B R (B 3a AIE 3b), 4H25/NER(E 3a,
Pt-01) EILECIRERHR 454, STHOK AR AUCR ik
(K 2a, Pt-03)45 49 —5L.
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(e) Cross section of HY-TH-01 sample (f) Cross-section of HY-TH-02 sample (g) Cross-section of HY-TH-03 sample (h) Cross-section of HY TH 04 sample

B2 FES HY-TH-01~FFf HY-TH-04 i 5 W7 i o 4514
Fig. 2 Microstructures of glaze surfaces and cross-sections of HY-TH-01-HY-TH-04 samples, respectively
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Table 1 Size statistics of iridescent and silver dendritic
crystals in micron size

Minum Maxium Average Standard
Crystal . . . L
size/um size/pm size/pm deviation
Iridescent
13 6.6 3.1
(30 crystals)
Silver
41 13.9 8.1
(30 crystals)

(a) e-Fe, 05

22 WEEARSHETERSTE

£ 2 N BB (S HY-TH-01~ £ &
HY-TH-04) 55 % it % (#f 5 HY-Black-01~ ¥
HY-Black-07) G it 2= 4 p . S8 5 16 Zhh 5 22 b
B EE TR S EAMLL: Si0, &8N 65.0%~66.8%

(b) &-Fe,05

B3 e-FeO; HEEBI A AT SEM [ )7
Fig.3 SEM images of e-Fe,O; and magnesioferrite crystals

(c) Magnesioferrite crystals

(& TR, ALO; & &N 11.3%~11.6%, MgO
BFEN 3.5%~3.6%, KO FEN 3.3%~3.5%. SR,
SRS AE I NayO(~1.0%) K T BE Rl 4 (~2.0%)

1M CaO & & (~6.2%)W8 5 T BRI E(~4.8%) . Rk
RO(MgO, CaO)/[RO+R,0(Na,0, K,0)] Lt 1& 7E
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0.54~0.75 2 [a], AAKAE . —FH A AR
4 TiO,, MnO, #1 Fe,05. TiO, 5 MnO, TG & & &1
53 3 9 ~0.8% F1~0.1%, 1M 2 Rl 5 1 &Rl FeyOs
(~8.3%) & & e T R (~7.2%) . Wbk, Bl
&R BMERMP S AR CR, FEN~0.1%.

EMAER S BMERPEE TR RS
BL: Si0, &8N 63.5%~67.4% ALOs & &K 24.2%~
24.7%, AL B Ia R mAR KRR 1R 2L MgO

TEN 1.0%~1.3%, KO0 FEN 2.2%~2.3%, CaO
TEN 0.7%~0.8%. P ECITTEREI NN TIO,,
MnO, 1 Fe;O3, HH ittt TiO, & & (~1.4%) W] & &
THi(~0.8%), T MnO, (~0.02%)5 Fe,0; & &
(2.3%~3.7%) B AKX T Rl (MnO,:  ~1.2%; FeyOs:
7.2%~8.3%). X 5YEEOWMI(E 10)FI 1A R K H
e — B, JAh, T CaO & 5(0.7%~0.8%)
WA TRl (2 4.8%~6.2%)

*2 EBRHEESEMERUFER

Table 2 Chemical composition of glazes and bodies of black carving glazed and black glazed wares W/%

Sample No. Na,O MgO Al O3 SiO,

P205 Kzo CaO T102 MHOZ F6203

HY-TH- Glaze 0.98(0.72) 3.61(0.75) 11.55(0.98) 65.00 (2.06) 0.13(0.09) 3.31(0.39) 6.16(1.53) 0.80(0.11) 0.12(0.03) 8.32(1.31)
01~04  Body 0.70 (0.41) 0.97(0.19) 24.21(1.72) 67.40(2.34) 0.00 (0.01) 2.27(0.30) 0.69 (0.31) 1.41(0.08) 0.02 (0.00) 2.34 (0.28)
HY-Black- Glaze 2.02(0.96) 3.46(0.20) 11.31(0.49) 66.76(0.96) 0.11(0.14) 3.47(0.38) 4.82(0.64) 0.75(0.08) 0.12(0.02) 7.17 (0.44)
01~07  Body 2.26(0.52) 137(0.38) 24.72(2.10) 63.52(3.68) 0.03(0.06) 2.16(0.30) 0.82(0.45) 1.38(0.07) 0.02(0.01) 3.72(2.30)

At least three analyzed points were performed in each area to estimate the homogeneity. The standard deviations are given in brackets. w is mass fraction.

Rt R WUREAE SR I 0 A E s, KA XRF
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(BRI AR E AL 5 BATES— 3. TR+
TiO, & = TR, Rk, Ti oK S50
i &3 . TiO,« MnO, M Fe,05 =Fli#5 (1 0K Y
ZER Mo, AERHIEEIE B ER s 8.

Ti

Fig. 4 Characteristics elemental distribution of glaze surfaces of HY-TH-01-HY-TH-04 samples
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(a) e-Fe,0;5 (Pt-01-Pt-03), hematite (Pt-04),

magnesioferrite (Pt-05) in glaze surfaces
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(b) &-Fe,05 (Pt-06), magnetite and anorthite (Pt-07-Pt-09),

pseudobrookite (Pt-10-Pt-11) in glaze cross-sections

K5 RASIIER R A Raman Jtil

Fig. 5 Raman spectra of crystals in glazes of black carving glazed wares
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Fig. 6 XRD patterns of HY-TH-01-HY-TH-04 and

HY-Blak-03—-HY-Black-04 bodies
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FERE S HY-TH-02 £ i HY-TH-04 . ¥ /ity HY-Black-03
R SR B BE LR A, IR SRR ) MgO &
B K. AENHIRES (HY-TH-03)H 346 I 21 45 5 47
mn R 7RI RS IR S5 A A M =2 3 T KA
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Table 3 Crystals detected in glazes and bodies of black carving and black wares

SR RA MR . ERE S HY-TH-02. Ff 5
HY-TH-04. #£ 5 HY-Black-03 i 01 22 2 2 ek~
mfk. LAk, BTEFE S I IRARIIRI R A e A
FERBRA A

Type

Sample No.

e-Fe,O3

Hem Magn Mafe Zir

An

PS Crs Qtz Mul

Glaze

Body

HY-TH-01
HY-TH-02
HY-TH-03
HY-TH-04
HY-Black-03
HY-Black-04
HY-TH-01
HY-TH-02
HY-TH-03
HY-TH-04

HY-Black-03

HY-Black-04

\/

\/
v
\/
v
\/

N v
Y v v

<2 2 2 2 2 2

2 2 2 2 2
2 2 2 2 2 2 2 2 2 2
2 2 2 2 2 2

<

\/

Hem: Hematite. Magn: Magnetite. Mafe: Magnesioferrite. Zir: Zircon. An: Anorthite. PS: Pseudobrookite. Crs: Cristobalite. Qtz: Quartz. Mul: Mullite.
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Fig. 7 Raman spectra of glassy matrix
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Fig. 8 XRD patterns of glazes
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Extended Abstract

Introduction Datong, located in the northern of Shanxi province of China, has an important transportation hub, connecting the
Central Plains and Inner Mongolia. Various cultures converge in Datong and form rich aesthetics, reflecting in the famous carving
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black-glazed wares produced during Jin and Yuan Dynasties in Hunyun kilns located in Hunyuan county, Datong. The carving wares
are characterized by gray-white body decorated with carved black glazed patterns. Such a gray-white and black contrast gives the
patterns a relief-like decoration. Many researches were devoted to analyze regional features, decorative themes and technology of
black-glazed carved wares by conventional archaeological methods. Wang et al. investigated one piece of black-glazed carved ware
by micro-Raman spectroscopy and found a large number of e-Fe,0;, a few hematite and magnesio-ferrite on the glaze surface, leading
to the brown tune of the carved black patterns. However, the lack of the microstructure, chemical and mineral composition of carved
black-glazed wares leads to the raw materials and firing protocol of black glazed carving wares, and its relationship to ordinary pure
black glazed is still unclear. In this work, carved black-glazed wares and pure black glazed wares of Hunyuan kilns were investigated
by a series of analytical techniques. The characteristic of raw materials and firing protocol of black glazed carving ware and its
relationship to black glazed ware were discussed.

Methods FEleven fragments were excavated from Jiezhuang village, Hunyuan county, Datong, China, which could be dated to Jin
and Yuan Dynasties according to the archaeological layer. The fragments were prepared as cross-sections by a cold mounting method.
The details were described in elsewhere. The morphology, chemical composition, mineral composition and valence state of colorant
elements of glaze and body were measured by a model VXH-7000 optical microscope (OM, KEYENCE Co., Japan), a model
XGT-7200 X-ray fluorescence (XRF, Horiba Co., Japan), a model Renishaw-invia micro-Raman spectroscope (micro-RS, UK), a
model TD3500 Macro-X-ray diffracometer (macro-XRD, Dadong Co, China) and a model Axis Supra X-ray photoelectron
spectroscope (XPS, Shimadzu Co., Japan).

Results and discussion The results by XRF analysis show that the raw materials used for glazes and bodies of carved black-glazed
wares and pure black-glazed wares are similar except for the glaze of former, which is much richer in CaO. A higher CaO can
enhance the adhesion of the glaze and body. Besides, the bodies are composed of higher TiO, and lower MnO, and Fe,O; rather than
the glazes, leading a gray-white and dark black contrast between the bodies and glazes. The glaze surfaces contain massive dendrite
e-Fe,0; crystals and a few of hematite, magnetite and magnesioferrite. A few of zircon, anorthite, pseudobrookite and quartz appear
in the glaze cross-sections. The bodies contain cristobalite, quartz and mullite. There is no obvious difference in the raw materials of
carved black-glazed wares and pure black-glazed wares. The degrees of the glassy polymerization (1I,) of carved black glaze and pure
black glaze are similar, i.e., 1.34-2.25, which are consistent with the glaze modifiers/network formers mole ratios, i.e., 0.12-0.2. The
similar |, values and mole ratios indicate that the wares both are prepared at the similar firing temperature. Most of carved-black
glazed wares and black glazed wares present the similar ratios of iron bivalence and trivalence, i.e., 2.0-2.6, indicating that the wares
both are prepared in a reductive atmosphere. Besides, the Raman spectra of the dendrite e-Fe,O5 crystals show an obvious shift to s
higher wavenumber possibly due to the lighter ions substituting irons in the crystals to improve their stability. Moreover, the spectra
also present different intensity of Raman features, accounting for the different crystal orientation of these crystals. Such a different
orientation can make the dendrite crystals react with incident lights in diffractive or reflective function, giving rise to the glaze surface
presenting iridescent or silvery effect.

Conclusions The similar raw materials were used for preparing the carving black-glazed wares and pure black glazed wares expect
for the slightly higher CaO in the glazes of carved black glazes. The bodies were composed of higher TiO, and lower MnO, and
Fe,0; rather than the glazes, leading to a gray-white and dark black contrast between the bodies and glazes. The wares both were fired
at the similar firing temperature and in a reductive atmosphere. The main minerals of the bodies were cristobalite, quartz and mullite.
Numerous dendrite crystals in micron-size with different crystal orientation were distributed in the glaze surfaces, which could react
with incident light in diffractive and reflective functions, leading to the glaze presenting iridescence or silver. Besides, a few of
magnetite, magnesioferrite, zircon, anorthite, pseudobrookite and quartz were detected in the glazes.

Keywords Hunyuan Kiln; black glazed waves; feature of raw materials; preparation process; micro-Raman spectroscopy



