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Abstract

This paper reports the results of the PIXE analysis on ancient Chinese blue and white porcelain fired at Kuan Kiln

(Jingdezhen, Jiangxi province) during 13–19th century. The major, minor and trace element of porcelain body, white

glaze and blue glaze were determined by PIXE. In this paper the chemical compositions of porcelain body, white glaze

and blue glaze measured from Yuan (AD 1206–1368), Ming (AD 1368–1644) and Qing (AD 1616–1911) blue and white

porcelain are present. The cobalt blue pigment used in Yuan, Ming and Qing are also discussed. � 2002 Elsevier

Science B.V. All rights reserved.

PACS: 32.30.Rj; 82.80.Ej; 91.65.Nd
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1. Introduction

Jingdezhen has been the porcelain production
center in China from 13th to 19th century. Re-
cently, PIXE technique has been used at Fudan
University to systematically study the blue and
white porcelains [1,2] excavated at the relics of
Kuan Kiln of the Yuan dynasty (AD 1206–1368),
the Ming dynasty (AD 1368–1644) and the Qing
dynasty (AD 1616–1911) in Jingdezhen, Jiangxi
province. Ancient Chinese blue and white porce-
lain is a famous variety of porcelain spreading in
many countries. In the PIXE study on ancient
porcelain the major, minor chemical compositions
and trace element content of samples can be de-

termined keeping the sample intact. This is very
important to distinguish a precious ancient Chi-
nese porcelain from a fake. In this paper, the
major and minor chemical compositions of body,
white glaze and blue glaze from blue and white
porcelain manufactured in the Yuan, Ming and
Qing at the Kuan Kilns (official) are presented.
The cobalt blue pigment used in the Yuan, Ming
and Qing are also discussed.

2. Experimental

2.1. Samples

The blue and white porcelain samples studied
are unearthed from the site of the Kuan Kiln at
Jingdezhen, Jiangxi province. These samples were
fired in the Yuan, Ming and Qing dynasty. All the
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samples studied were differentiated by specialists in
Chinese ancient porcelain. Because the Ming dy-
nasty lasted very long (276 years) and we hope to
understand the variations in chemical composition
between those samples made in different emperor
periods, the porcelain samples fired in Hongwu
(AD 1368–1398), Yongle (AD 1465–1487), Xuande
(AD 1426–1435), Chenghua (AD 1465–1487) and
Jiajing (AD 1522–1566) emperor periods were
collected and studied. The blue and white porcelain
produced in the above mentioned five emperor
periods are very famous in China for the high art
grade. To study the discrepancy of chemical com-
position between samples more than 10 pieces of
samples made in the same emperor period were
prepared and measured. In this study, more than
100 samples were prepared.

2.2. Experiments

The experiments were performed at the NEC
9SDH-2 pelletron tandem accelerator of Fudan
University. The proton beam was extracted
through a 7.5 lm kapton window, and traveled 10
mm in air before reaching the porcelain sample.
The beam spot diameter was 1 mm. The energy of
the proton beam before the window was 3.0 MeV,
and therefore the actual energy of the protons
reaching the samples was 2.8 MeV as a result of
energy loss in the kapton film and in air. An
ORTEC Si (Li) detector (165 eV FWHM at 5.9
keV) placed at 90� relative to the beam direction,
was used to detect the X-ray emitted from the
sample. We used a beam current of 0.1 nA keeping
the counting rate lower than 1 kc/s to measure the
major and minor elements. From the measured
PIXE spectrum the chemical composition (Z P 12)
in the sample could be obtained using the
de-convolution program GUPIX-96 [3]. The mea-
sured results for major and minor chemical com-
position were compared to those of the reference
sample whose chemical composition was deter-
mined by the ICP method. The trace element
concentration of heavier elements (Z P 24) were
determined by using a Al filter with a thickness of
0.125 mm. To enhance the X-ray yields of trace
elements the beam current was increased to 1 nA.
Because the beam current is very low (0.1–1 nA)

and the measure time is rather short (5 min), the
radiation damage on the porcelain sample is im-
perceptible.

3. Experimental results and discussions

Table 1 shows the measured main and minor
chemical components of body, white glaze and
blue glaze from Yuan, Ming and Qing porcelains.
The data of Yuan in Table 1 are the average from
20 samples, the data of Ming and Qing are the
average from 10 samples. Experimental results
show that there are discrepancies of 5–10% for the
contents of Al2O3, K2O, CaO and Fe2O3 among
the different samples made in the same emperor
period, the contents measured from different po-
sition of sample may vary between 2% and 5%
resulting from the non-uniformity of material.
From Table 1, we can see that during the period

of the Yuan, Ming dynasty the contents of Al2O3,
SiO2, K2O in the body are between 19% and 21%,
72.8% and 74.6% and 2.92% and 3.34%, respec-
tively. For the body fired in the Qing dynasty, the
content of Al2O3 increased up to 26.2%, while the
content of Kaolin used in the body obviously in-
creased from the Qing dynasty to enhance the
mechanical strength and widen the firing temper-
ature range permitted. Normally contents of Al2O3

are between 36% and 40% and 17% and 20% in
Kaolin and porcelain stone, respectively.
In the different emperor period of Ming, such as

Xuande, Chenghua and Jiajing, there are still some
differences in the chemical composition of body. It
is resulted from the different mineral resources
used and the preparation procedure of body. For
example, the content of CaO in the body of
Chenghua period is lower than that of other em-
peror period. The productions of Chenghua and
Xuande can be well distinguished from each other
by multivariate statistical analysis.
For the white glaze from Table 1, we can see the

contents of CaO are between 6.62% and 7.28% for
the samples made in Yuan, Yongle and Xuande,
for the samples made in Hongwu, Chenghua and
Qing the contents of CaO are lower obviously.
From Table 1 we can also obtain some infor-

mation of cobalt pigment used for blue and white
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porcelain in Yuan, Ming and Qing. So far the
produce area of cobalt pigment used in Yuan and
Ming Kuan Kiln are not known very well [4]. The
concentrations of cobalt oxide, manganese oxide
and ferric oxide in the pigment, which effect the
blue glaze, were obtained by PIXE spectrum
measured from the blue glaze. The measured re-
sults of the blue pigment are listed in Table 2. The
ratios of MnO/CoO and Fe2O3/CoO are given in
Table 2. The trace elements concentration of As,
Ni measured from blue glaze are also listed in
Table 2.
From Table 2 we can see that for Qing blue and

white samples the ratios of MnO/CoO and Fe2O3/
CoO range from 5.0 to 7.0 and 0.3 to 1.0, respec-

tively. These data are in agreement with that of
asbolites, produced in Zhejiang, Fujian and Ji-
angxi province. For Yuan and early Ming samples
(Hongwu and Yongle) the ratios of MnO/CoO and
Fe2O3/CoO are between 0.005 and 0.15 and 2.0
and 24, respectively. So far such a kind of cobalt
mineral has not been found in China. Most of the
researchers believe it was imported from countries
such as Iran, Egypt under the name of Moham-
medan blue through the silk road. But there is not
any experimental evidence. The cobalt pigment
used in the Xuande period is obviously different
from that of Yuan, because the ratios of MnO/
CoO and Fe2O3/CoO are far away from that of
Yuan which ranged from 4.5 to 8.0 and 0.7 to 2.0,

Table 1

The chemical composition (wt.%) determined by PIXE

Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 CoO

Yuan AD 1206–1368

Body 20.62 73.42 – 2.92 0.28 0.104 0.067 1.07 0.003

White glaze 14.79 71.78 0.10 3.25 7.28 0.037 0.075 1.15 0.008

Blue glaze 14.64 69.23 0.14 3.00 7.00 0.048 0.078 2.92 0.491

Ming AD 1368–1644

Hongwu AD 1368–1399

Body 19.86 74.23 – 3.34 0.267 0.073 0.042 0.68 –

White glaze 15.30 73.59 0.10 4.42 4.32 0.037 0.075 0.701 –

Blue glaze 15.52 71.39 0.17 4.31 4.28 0.038 0.107 2.34 0.347

Yongle AD 1403–1425

Body 19.64 74.61 – 3.10 0.32 0.110 0.056 0.94 –

White glaze 15.49 70.26 0.14 4.12 7.29 0.040 0.100 1.06 –

Blue glaze 15.33 69.18 0.18 4.03 6.44 0.048 0.100 2.60 0.58

Xuande AD 1426–1436

Body 20.87 73.73 – 2.94 0.31 0.092 0.039 1.05 –

White glaze 15.56 70.10 0.16 4.66 6.62 0.055 0.133 0.98 –

Blue glaze 16.07 67.77 0.19 4.53 4.85 0.067 2.88 1.57 0.58

Chenghua AD 1465–488

Body 21.70 72.80 0.140 2.93 0.068 0.062 0.011 0.72 –

White glaze 14.11 73.59 0.297 5.54 3.66 0.036 0.087 0.97 0.011

Blue glaze 14.44 72.52 0.152 5.41 3.33 0.044 0.672 1.607 0.225

Jiajing AD 1522–1567

Body 19.25 74.32 0.131 3.34 0.245 0.086 0.031 0.856 –

White glaze 14.12 71.70 0.289 4.77 6.17 0.057 0.083 1.17 0.015

Blue glaze 13.70 71.48 0.251 4.74 5.35 0.061 0.471 1.90 0.484

Qing AD 1616–1911

Body 26.23 67.70 – 3.16 0.40 0.036 0.095 0.873 –

White glaze 13.93 72.67 – 3.11 5.32 0.040 0.086 0.900 –

Blue glaze 13.97 71.10 – 3.78 4.29 0.038 3.48 1.16 0.567
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respectively. And the trace element concentrations
of As and Ni are also very different between them.
The cobalt pigment material used in Chenghua

porcelain can be separated into two groups listed
in Table 2, according to the ratios MnO/CoO,
Fe2O3/CoO and trace element concentration of As,
Ni. In the Jiajing period, Mohammedan blue was
used again at Kuan Kiln.
When considering the measured results from

blue glaze by the PIXE and comparing the chem-
ical composition of cobalt pigment produced in
China, we believe that the cobalt pigment used in
Yuan and Ming Kuan Kiln were from some dif-
ferent places or countries, not from the same place.

4. Summary

The ancient Chinese blue and white porcelain
fired at Kuan Kiln during 13–19th century has
been studied by the PIXE method. The chemical

compositions of porcelain body, white glaze
and blue glaze measured from Yuan, Ming and
Qing blue and white porcelain are present. The
cobalt blue pigment used in Yuan, Ming and Qing
Kuan Kiln are also discussed. These data can be
used for identification of precious ancient Yuan,
Ming and Qing blue and white porcelain.
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Table 2

Cobalt pigment used for blue and white in Yuan, Ming and Qing

Date Main chemical composition in blue glaze Trace element in blue glaze

MnO/CoO Fe2O3/CoO As Ni

Yuan (AD 1206–1368) 0.005–0.15 2.0–24 20–200 PPM <30 PPM

Ming (AD 1368–1644)

Hongwu and Yongle

(AD 1368–1425)

0.005–0.15 2.0–24 20–200 PPM <30 PPM

Xuande (AD 1426–1435) 4.5–8.0 0.7–2.0 100–300 PPM 300–800 PPM

Chenghua (AD 1465–1487) 0.5–2.5 1.5–5.5 Not detected by PIXE

for MnO=CoOP 2:5

P 300 PPM for

MnO=CoOP 2:54.5–7.5 0.5–1.5

Jiajing (AD 1522–1566) 0.2–1.3 0.2–3.2 50–200 PPM <50 PPM

Qing (AD 1644–1911) 5.0–7.0 0.3–1.0 Not detected by PIXE 130–400 PPM

Asbolite cobalt pigment 4.8–9.0 0.35–1.66 Not detected by PIXE 0.15–1.3% in the cobalt

pigment materials
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