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Abstract In order to study the classification of ancient porcelains based on the physical structures of glaze layer,
optical coherence tomography (OCT ) technology combined with X-ray fluorescence spectroscopy ( XRF)
technology, scanning electron microscope-energy dispersive spectroscopy (SEM-EDS) technology and laser Raman
spectroscopy (LLRS) technology are used to analyze the Celadon and Jun porcelains which are dated to the Jin and
Yuan dynasties and excavated from the Qingliangsi site in Baofeng County, Henan Province, China. The glaze
layers are classified qualitatively according to the characteristics of OCT images of glaze layers. The image texture
analysis technique is used to characterize the OCT images of glaze layers quantitatively, and principal component
analysis is performed based on the image texture parameters determined by the image texture analysis. The
classification results of the enamel according to the OCT image are compared with the classification results of the
chemical composition of the glaze obtained from XRF. The relationship between the chemical compositions of glaze
layers and the OCT image feature are discussed based on the results of SEM-EDS and LRS.
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Fig. 1 Pictures of typical porcelain fragment samples at Qingliangsi site in Baofeng County, Henan Province
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Table 1 Information of porcelain samples at Qingliangsi site in Baofeng County, Henan Province

Sample Type Description Time
BQ-8-1 Gray body and blue glaze
BQ-8-2 Gray body and blue glaze
BQ-8-3 Gray body and blue glaze

Jun porcelain

BQ-8-4 Gray body and blue glaze
BQ-8-5 Gray body and blue glaze
Yuan dynasty
BQ-8-6 Gray body and blue glaze
BQ-15-1 Gray body and blue glaze (AD 1206-1368)
BQ-15-2 Gray body and green glaze with red
BQ-15-3 Bowls of Jun glaze Gray body and green glaze with red
BQ-15-4 Gray body and blue glaze
BQ-15-5 Gray body and blue glaze
BQ-16-1 Gray body and green glaze
BQ-16-2 Gray body and green glaze
BQ-16-3 Celadon bowls Gray body and green glaze
BQ-16-4 Gray body and green glaze
BQ-16-5 Gray body and green glaze
BQ-18-1 Gray body and green glaze
BQ-18-2 White body and green glaze
BQ-18-3 White body and green glaze
BQ-18-4 Celadon bowls White body and green glaze Jin dynasty
BQ-18-5 without decorations Grown body and green glaze (AD 1115-1234)
BQ-18-6 White body and green glaze
BQ-18-7 White body and green glaze
BQ-18-8 Gray body and green glaze
BQ-36-1 Gray body and green glaze
BQ-36-2 Celadon bowls with Gray body and green glaze
BQ-36-3 ) Gray body and green glaze
BQ-36-4 printed patterns White body and green glaze
BQ-36-5 Gray body and green glaze
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Fig. 2 Classification process of glaze layers based on OCT images
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Fig. 3 OCT gray images of different types of glaze layers (n=1.500, each pixel size is 1.2 pmX5.3 pm).

(a), (b) Glass phase dominant type glaze; (c), (d) non-uniform scattering type glaze; (e), () homogeneous scattering type glaze
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Table 2

Qualitative classification of glaze layers based on OCT image features

Type of glaze

Sample

BQ-18-1, BQ-18-3, BQ-18-4, BQ-18-
BQ-36-1, BQ-36-2, BQ-36-3, BQ-36-4, BQ-36-5
BQ-15-3, BQ-16-1, BQ-16-2, BQ-16-3, BQ-16-5, BQ-18-2, BQ-18-7

Glass phase dominant type glaze layer

Non-uniform scattering type glaze layer

5, BQ-18-6, BQ-18-8,

BQ-8-1, BQ-8-2, BQ-8-3, BQ-8-4, BQ-8-5, BQ-8-6, BQ-15-1,

Homogeneous scattering type glaze layer

BQ-15-2, BQ-15-4, BQ-15-5, BQ-16-4
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Fig. 4 OCT images of sample BQ-15-3 (n=1.500, each pixel size is 1.2 pmX5.3 pm). (a) Original OCT image;
(b) extracted image of glaze layer segmentation; (c) contrast enhancement image
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Table 3 Characteristic parameters of OCT images of extracted glaze layer based on gray-level co-occurrence matrix

and Gabor wavelet transformation

Sample Parameter of gray-level co-occurrence matrix Parameter of Gabor wavelet transformation
C fe M ag E Mean Contrast Entropy
BQ-8-1 40.22 2.35 0.07 8.06 0.0046 4.4297 0.5799
BQ-8-2 41.89 2.67 0.13 7.79 0.0047 4.1194 0.6101
BQ-8-3 50.72 2.48 0.05 8.46 0.0046 4.3110 0.5756
BQ-8-1 41.83 2.50 0.04 8.58 0.0044 4.2249 0.4955
BQ-8-5 40.62 2.66 0.28 7.10 0.0048 3.9808 0.6513
BQ-8-6 29.19 2.60 0.16 7.21 0.0045 3.4034 0.5116
BQ-15-1 44.08 2.50 0.19 7.46 0.0047 3.7401 0.6366
BQ-15-2 42.53 2.11 0.05 8.23 0.0044 3.7485 0.4975
BQ-15-3 52.81 2.34 0.24 7.26 0.0049 4.3580 0.7215
BQ-15-4 37.18 2.48 0.23 7.15 0.0048 4.4016 0.6887
BQ-15-5 40.50 2.61 0.16 7.51 0.0046 3.8144 0.5853
BQ-16-1 46.42 2.47 0.60 6.19 0.0052 5.5959 0.8193
BQ-16-2 55.40 2.36 0.19 7.58 0.0049 5.1671 0.6936
BQ-16-3 57.86 2.38 0.27 7.44 0.0051 5.4286 0.7834
BQ-16-4 47.91 2.27 0.13 7.84 0.0046 3.6321 0.6063
BQ-16-5 53.04 2.27 0.30 7.13 0.0048 4.9104 0.6832
BQ-18-1 37.85 2.86 1.59 4.28 0.0059 9.4639 0.9894
BQ-18-2 61.06 2.40 0.47 6.74 0.0052 5.9495 0.8346
BQ-18-3 40.94 2.69 1.15 5.13 0.0056 7.6898 0.9191
BQ-18-4 48.11 2.69 0.87 5.75 0.0054 7.3867 0.8486
BQ-18-5 54.20 2.69 0.81 5.91 0.0055 7.7161 0.9124
BQ-18-6 50.90 2.73 1.04 5.39 0.0057 8.2466 0.9790
BQ-18-7 58.17 2.56 0.37 7.12 0.0054 7.4440 0.8660
BQ-18-8 31.33 2.82 1.95 3.58 0.0060 10.3641 1.0708
BQ-36-1 35.39 2.75 1.65 4.08 0.0060 10.6681 1.0295
BQ-36-2 37.37 2.89 1.33 4.68 0.0057 10.5300 0.9409
BQ-36-3 43.03 2.71 1.99 3.45 0.0066 16.1019 1.2208
BQ-36-4 27.40 2.89 2.01 3.47 0.0061 11.9818 1.0349
BQ-36-5 30.56 2.79 1.82 3.85 0.0060 10.2886 1.0315
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Table 4 Variance and contribution proportion of PCA

Principal Variance
Variance Accumulation/ %
component proportion /%
PC1 5.583 79.759 79.759
PC2 1.025 14.643 94.402
PC3 0.273 3.902 98.604
PC4 0.074 1.063 99.667
PCs 0.016 0.223 99.890
PC6 0.007 0.098 99.987
PC7 0.001 0.013 100.000
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Fig. 6 Two-dimensional plot of cosolvent content of

porcelain glaze and mole ratio of silicon alumina
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67%~69.53% .13.87 % ~15.58 % , HAT K ik =5 57 A
SUOE B TR REI AN =R SRS TO BN
AL O; W JT & 43 040 5 A 69.87% ~ 75.59%.
12.31%~14.70% , B A7 i Bk 55 B0 00 4 050, BR W oK
SR W RZ PR B R R R KT
1070, 5 tH B o AR 25 40 . TR L 24 0 )2 b R R

Yy R B A B B T 10,7 BELRLZE OCT B
REAE 2 B0 A S U Rl 2

S TR ) P A R R B e RSB A e
FE B FR AR 2 B R 5 ) il J22 ) B 45 1Y
—ANTRLZR B N B 4 R A TR R A2 3 o R
JEE B RCUR S HIE T E R,

F 5 AN ERN AL A RO RE AT A R (BRSO

Table 5 Quantitative analysis results of chemical composition for porcelain glaze (mass fraction) %
Sample Na, O MgO Al O, Si0O, K,O CaO TiO, Fe, Oy n(Si/AD RO+R,0
BQ-8-1 1.01 1.68 11.54 73.05 4.30 6.45 0.20 1.59 10.76 13.44
BQ-8-2 0.79 1.92 10.87 71.91 3.50 9.27 0.18 1.34 11.24 15.48
BQ-8-3 0.76 1.75 11.11 72.77 3.75 8.46 0.16 1.08 11.13 14.72
BQ-8-4 0.74 1.83 11.64 71.17 4.78 8.12 0.21 1.21 10.39 15.47
BQ-8-5 1.17 1.79 11.49 71.92 3.86 8.53 0.20 0.89 10.64 15.35
BQ-8-6 0.75 1.84 9.88 71.72 2.74 11.22 0.13 1.50 12.34 16.55
BQ-15-1 0.97 1.86 11.07 70.89 4.86 8.32 0.18 1.64 10.89 16.01
BQ-15-2 0.95 1.93 12.88 67.91 3.14 10.47 0.18 2.36 8.96 16.49
BQ-15-3 1.42 1.72 14.67 69.53 5.00 5.91 0.14 1.42 8.06 14.05
BQ-15-4 0.56 1.68 9.88 75.13 3.66 7.79 0.15 0.97 12.93 13.69
BQ-15-5 0.47 1.53 10.72 69.69 4.64 9.98 0.20 2.54 11.05 16.62
BQ-16-1 0.92 1.76 13.87 68.73 4.67 8.36 0.14 1.33 8.42 15.71
BQ-16-2 1.32 1.65 14.04 67.50 3.87 9.42 0.18 1.84 8.17 16.26
BQ-16-3 0.96 1.94 14.62 67.00 3.96 9.68 0.12 1.51 7.79 16.54
BQ-16-4 0.59 1.65 11.74 72.64 2.45 8.46 0.17 2.15 10.52 13.15
BQ-16-5 1.27 1.66 15.58 68.67 4.32 6.21 0.23 1.89 7.49 13.46
BQ-18-1 1.30 1.48 13.41 73.66 4.86 3.51 0.19 1.43 9.34 11.15
BQ-18-2 0.98 1.42 12.81 70.61 4.82 7.84 0.15 1.18 9.37 15.06
BQ-18-3 1.82 1.49 14.70 70.60 5.02 4.84 0.16 1.20 8.17 13.17
BQ-18-4 1.09 1.55 13.65 73.90 4.25 4.43 0.13 0.84 9.20 11.32
BQ-18-5 0 1.19 12.30 72.61 5.00 6.98 0.16 1.57 10.04 13.17
BQ-18-6 1.84 1.36 13.99 72.74 4.65 4.23 0.17 0.86 8.84 12.08
BQ-18-7 0.84 1.46 12.31 75.59 3.98 4.34 0.15 1.17 10.44 10.62
BQ-18-8 1.36 1.56 14.10 70.78 4.54 6.00 0.15 1.35 8.53 13.46
BQ-36-1 0.74 1.31 13.71 73.20 4.88 4.49 0.16 1.34 9.07 11.42
BQ-36-2 0.30 1.39 13.10 69.87 3.75 8.94 0.14 2.28 9.07 14.38
BQ-36-3 0.86 1.48 14.15 66.67 3.46 11.15 0.18 1.91 8.01 16.95
BQ-36-4 0.78 1.40 12.72 70.92 4.31 7.91 0.14 1.64 9.48 14.40
BQ-36-5 0.04 1.47 10.99 77.25 3.28 4.62 0.26 1.95 11.95 9.41

3.4 OCT Ik FEE R E Gt H 5 47

it — L WFFE OCT EIG T B AR 1 A 27 i o3
SO ARZE Y, 38 WM AR RE & BE AT 49 4 L i BUBE 40
Mr5Hi2 i atr. |7 AEEM BQ-8-4 fh)Z M
BT SEM 1%, K area 1.area 2.spot 1 4 EDS
DU DX S/ i 0 4 25 SR L3R 6. IR 6 AT,
area l.area 2 PEEIGE N Si F1 O, [FHEFH Ca,
Al Fe JuR , I N BB Al JZ AL 7 i 5. spot 1 4k &
HICHE N Fe Si. O, AT REY) AR R 5 kb 140 L A00RE
KNP KY R, spot 1 55 area 1.,area 2 AIFL2A AL

Sy AL, 22 S E T Fe & . spot 1 kot &R
T T area 1.area 2, #E0 0T B8 b M H A9 2k R
mf . BB 7(h) of LA B R f R I IR FLER DN
/N F OCT M4y ¥R, HER B £, Wt OCT
EIE I8 1038 5 0 I B 43 A

Pl 8 Shy Bl 7Y S 349 57 HICSRT 24 il )2 A0 2 AR JOURE 1)
s SEM EIMER . & 8(a) . (b) MHEfh BQ-18-2 4
TER K AE 2 1000 & 10000 % F B 35 H 5F SEM A
18, Area 1.Spot 1 2 EDS MK X 5/ fi . &
AL A Al BQ-18-20 )22 Hh A7 75 55 2 AR FRAR K IR £
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7 R BQ-8-4 BhZ W ST SEM B K EDS li{m . (2) 1000X5(b) 10000X
Fig. 7 Back scattering SEM images and EDS test points of sample BQ-15-3 glaze layer. (a) 1000X; (b) 10000 X

500 pm

" 10.0 pm

B8 iR R By o) A 2l 2 A S AR R T B SEM B K EDS MRS . () BEE BQ-18-2(100 X))
(W) FE i BQ-18-2 (2000X) 5 () #E i BQ-16-3; () F i BQ-16-5
Fig. 8 Backscattering SEM image and EDS test points of typical inhomogeneous scattering glaze layer inclusions.

(a) Sample BQ-18-2 (100X ); (b) sample BQ-18-2(2000X); (c) sample BQ-16-3; (d) sample BQ-16-5

IR N AR AN (U RGN N NS TR AR Z0 O BIS IR
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B9 FES BQ-15-3 200 X sl )2 15 B8 SEM K148 & EDS Ml &5 . (2) 20005 (b) 5000
Fig. 9 Backscattered SEM images and EDS test points of samples BQG15G3 red area glaze layer. (a) 2000X ; (b) 5000 X

# 6 HARE S SEM-EDS A4 it 25 5 (O & 40 50

Table 6 SEM-EDS component test results of typical samples obtained (mass fraction) %
Sample Test area O Na Mg Al Si P Ca Fe Ti S Cu  Possible phase
BQ-8-4 Area 1 48.19 0.91 0.62 6.97 32.22 4.50 3.87 2.71 n.d n.d n.d Glass
BQ-8-4 Area 2 49.98 n.d nd 3.86 29.38 3.69 3.17 1.18 n.d n.d n.d Glass
BQ-8-4 Spot 1 42.60 1.53 1.01 9.34 21.04 3.10 2.35 18.36 0.67 n.d n.d Iron crystal
BQ-18-2 Area 1 49.43 nd nd nd 5057 nd nd nd nd nd nd SiO;
BQ-18-2 Spot 1 39.88 n.d n.d n.d 0.77 15.84 39.69 n.d n.d n.d n.d Ca; (PO,
BQ-16-5 Spot 1 38.46 0.96 0.26 6.67 24.87 2.11 0.84 24.67 1.16 n.d n.d Iron crystal
BQ-16-3 Spot 1 45.40 n.d n.d n.d n.d n.d n.d nd 52.19 nd n.d TiO,
BQ-16-6 Spot 1 50.48 n.d nd 4.95 44.56 n.d n.d n.d n.d n.d n.d SiO,
BQ-16-6 Spot 2 37.16 n.d 1.46 8.11 1.02 n.d n.d 15.43 34.60 n.d n.d TiO,
BQ-15-3 Spot 1 1.22 nd nd nd nd nd nd nd nd 1.78 97.00 Cu
BQ-15-3 Spot 2 42,12 n.d 1.64 1.58 8.86 13.89 1.40 28.83 n.d n.d 1.50 Caz (PO,),
8 —
2 ggg [(a) S = glass B 700((1) o= v CaMg(Si,0,)
' 800  600f & = Ca,(PO),
. 750 S _-
£ 700 3 8
. 650 . 400f
= 600 7
E 200 = 200f
500 500 1000 1500 2000 0 500 1000 1500 2000
Raman shift /cm™! Raman shift /cm™
900
g ] = = CaALSi,0,
800
; 750 S &
5 700 2 S
. 650 ;
% 600 I
£ 550 S
= 500
450 . - . .
500 1000 1500 2000 0 500 1000 1500 2000
Raman shift /cm™ Raman shift /cm™
< ©
I -] I~ T
250y & ero, g000f 1B o
g 200 = 374 232500'
> )
£ 150 §20000
= 21500| &S
21001 k7 M1
z g 1000} |8
g 50 = 0 { ,.
< = C . . : A
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Raman shift /cm™!

F 10 SRR SRR B EARLE SRR, (0. (D) BQ-15-3;(0) . (d) BQ-16-3;(e) (D) BQ-16-5
Fig. 10 Raman spectrum of typical sample glaze inclusion. (a), (b) BQ-15-3; (c), (d) BQ-16-3; (e), (f) BQ-16-5
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