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Abstract A shard of Chinese underglaze copper-red
porcelain from the Yuan dynasty (AD 1271-1368) made in
the Jingdezhen kiln was measured by synchrotron radia-
tion-induced X-ray fluorescence mapping and X-ray
absorption near-edge spectroscopy to investigate the
influence of copper element distribution and speciation on
the color of porcelain. In black-colored region, copper
accumulates at the interface between the body and glaze
layers with metallic copper particles as the main speciation.
In contrast, Cu is irregularly distributed in the red-colored
region with multi-valence speciation. The differences in Cu
distribution and speciation in black- and red-colored
regions indicate that they are the main factors influencing
the different colors of copper-red underglaze porcelain.
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1 Introduction

Chinese underglaze copper-red porcelain usually des-
ignates white porcelains fired at high temperature and
decorated with copper-based pigments between body and
glaze. It was first developed at the Jingdezhen kiln in the
Yuan dynasty (AD 1271-1368) with colors varying from
red to black on the same item. During the Hongwu era (AD
1368-1398) of the Ming dynasty, most underglaze copper-
red porcelain had a red color with gray hues. The technique
of making this type of porcelain continued to improve till
the Yongle era (AD 1403-1424) and Xuande era (AD
1426-1435) of the Ming dynasty; subsequently, a decline
was observed in the middle and late eras of the Ming
dynasty (AD 1435-1644). The development was revived
again till the Kangxi era (AD 1622-1722) of the Qing
dynasty [1]. Because copper is sensitive to the firing
atmosphere and easily dissolves and diffuses in glaze, it is
difficult to obtain the red color. Therefore, the color of
copper-red underglaze porcelain is very unstable and varies
from purple to red to gray to black and even disappears in
some regions. Thus far, there are three possible factors that
could impart the red color of Chinese underglaze copper-
red porcelain. The first one is metallic copper particles. In
1936, J. W. Mellor first reported the finding that colloidal
metallic copper particles were responsible for the red color
[2]. This was confirmed by many researchers in copper-red
glasses, glazes, and decorations [3-9]. Furthermore,
Kingery and Vandiver [10] pointed out that colloidal
metallic copper particles with sizes from several tens of
nanometers to one micrometer contribute to the copper-red
color. The second one factor is Cu,O microcrystals, as
reported by many researchers [11-14]. The third possibility
is that both colloidal metallic copper particles and Cu,O
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microcrystals are responsible for the red color of copper-
red glaze reported by Chinese ceramists, based on a sub-
stantial research and modeling experiments [3].

In contrast, only a few studies pay attention to the reason
why underglaze copper-red porcelain exhibits different
hues. Guan et al. [15] used the micro-synchrotron radia-
tion-induced XRF technique to investigate the chemical
compositions in different color areas in a shard of under-
glaze copper-red porcelain from the early Ming dynasty by
line scanning. They found that the Cu concentration
increased noticeably with the colors changing from gray to
red; furthermore, the appearance of the color mainly
depended on the amount of copper in the pigments.
Another study by the same group confirmed that copper
concentration in the red region was higher than that in the
orange region in Yuan underglaze copper-red porcelain.
They also found that the Cu speciation in both red and
orange regions is metallic copper and the differences
between red- and orange-colored regions originated from
the Mie scatter effect [16]. Furthermore, the difference of
Cu speciation in the red- and black-colored regions is also
observed in Xuande sacrificial red porcelain from the Guan
kiln of Jingdezhen [17]. It is necessary to study in detail the
origin of different colors in a single piece of porcelain
using comparative analysis including both Cu concentra-
tion and speciation for black and red colors.

Given that the glaze layer for copper-red underglaze
porcelain is usually several hundred micrometers, the use
of micro-beam analytical methods is required. Syn-
chrotron-induced p-X-ray fluorescence (-XRF) spec-
trometry and p-X-ray absorption near-edge spectroscopy
(L-XANES) have been proven to be a powerful tool to
investigate the speciation of elements in small regions of
typically a few micrometers. This method has been applied
widely in many scientific fields [18-27]. It provides the
spatial distribution of elements and association with other
elements by scanning the regions of interest in a regular
grid pattern by the X-ray micro-beam and detecting the
induced fluorescence intensities at each position. XANES
spectroscopy could provide the chemical form of a certain
element for materials having a complex composition and
an amorphous phase. Therefore, the spatial distribution of
elements and the chemical form of copper in underglaze
copper-red porcelain have been investigated by the means
of synchrotron radiation-induced p-XRF and p-XANES
micro-spectroscopy. The basic purpose was to obtain the
spatial distribution of copper, the association of copper
with other elements, and the chemical speciation of copper
in different color regions. The above information will be
very useful in understanding the influence of copper ele-
ment distribution and speciation on the color of porcelain.
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2 Experimental section

The analyzed underglaze copper-red porcelain was
made in the Yuan dynasty (AD 1271-1368) by Jingdezhen
kiln. As shown in Fig. 1, the decoration shows red and
black colors in some regions. For p-XRF and p-XANES
analysis, a small piece including both red and black color
was cut from the sample and the cross section was polished
with silicon carbide paper to obtain a smooth plane. During
the measurements, the cross sections in both red- and
black-colored regions were scanned.

Both p-XRF and p-XANES measurements were per-
formed at beamline BL15U1 at the Shanghai Synchrotron
Radiation Facility (SSRF). SSRF is a third-generation
synchrotron operating at a current of approximately
240 mA with top-up mode and energy of 3.5 GeV. The
beamline BL15U1 at SSRF is an undulator beamline
equipped with Si(111) double-crystal monochromator that
has an energy resolution of 1.5 eV at 10 keV and Si(220)
double-crystal monochromator that has an energy resolu-
tion of 0.5 eV at 10 keV. A K-B optics system is used to
focus the monochromatized light into a width in the
micrometer range. The sample stage consisted of multiple
motor stages: two stages for scanning the sample in the
horizontal and vertical directions and a third stage to align
the sample into the image plane of the focusing device. The
minimal step size of the motor stages was 20 nm [28].

During the p-X-ray fluorescence mapping measure-
ments, the intensity of the incoming X-ray was monitored
using an ionization chamber, which was used for normal-
izing the measured X-ray intensity of the sample. X-ray
fluorescence signals were detected using a single Vortex-
90EX Si drift detector (SDD) from SII, USA, which pro-
vides excellent energy resolution and high output counting
rate (< 136 eV @ 5.9 keV, at 100 kcps counting rate). The
detector was placed at a 90° angle with respect to the
incoming X-ray in order to decrease the intensity of the
Compton scattering. The spot size at the sample location
was 2 um (H) x 2 um (V) (FWHM). All the p-XRF
experiments were performed using monochromatic radia-
tion at an exciting energy of 16 keV, and the test time was
1 s for every point. The p-XRF data were analyzed using
Igor Pro (software).

Cu speciation was assessed using XANES measure-
ments. The absorption was measured while tuning the
energy around the edge of the copper element (from 8929
to 9079 eV). The step size was 0.5 eV with the dwelling
time of 1s. The absorption was measured through the
corresponding fluorescence emission, collected by the
single Vortex-90EX Si drift detector. Energy calibrations
were achieved using Cu foil as reference, and the position
of the first inflection point was taken at 8979 eV. Copper
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Fig. 1 (Color online)
Underglaze copper-red
porcelain analyzed in this study

metal, Cu,O, and CuO were also measured as references.
All XANES spectra were analyzed by using the Demeter
software package [29].

3 Results and discussion
3.1 Distribution of elements in the cross section
XRF mapping was first performed on a cross section of

red color region (mapped area: 450 pm (horizon-
tal) x 550 pm (vertical)) (Fig. 2). Six elements, including

glaze

Mapped area
(450 pum (H) X550 um (V)

Low

black

Cu, Fe, Mn, Zn, Pb, and Rb, were detected in this area. Cu
is mainly present in the glaze layer and shows a hetero-
geneous distribution. Fe and Mn have similar distributions
in the glaze layer in that they are highly concentrated in
some areas. Both Zn and Pb have relatively low content
and are distributed rather homogeneously in the mapped
area. Rb, as an element indicating the provenance of raw
materials, has a higher content in the body than that in
glaze. Furthermore, its content decreases gradually from
body to the glaze surface.

To compare with distribution of elements in different
color regions, an area of 400 um (H) x 550 um

Fig. 2 (Color online) Elemental maps of red color region of underglaze copper-red porcelain
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(V) covering the black-colored region was mapped (Fig. 3).
A higher Cu content is present in the region of the interface
between the glaze and body layers. Cu is mainly present in
the glaze layer, and its concentration decreases gradually
from body to the glaze surface. Similarly, patterned ele-
mental distributions of Zn and Pb are also observed in this
mapped area. Fe and Mn also show similar distribution
because the two elements are part of the same group in the
periodic table; thus, they have similar mass and physical
characteristics. Rb is observed in both the glaze and body
layers; the body layer contains the highest Rb content, a
relatively high content in the glaze layer, and the lowest
content in the glaze surface. A notable phenomenon is the
absence of Rb in some areas having a high amount of Cu,
Zn, and Pb in the interface between the glaze and body
layers.

A boundary region of 1000 pum (H) x 440 um (V) cov-
ering from black-colored region (left) to the red-colored
region (right) was performed (Fig. S1) to better visualize
the differences in distribution patterns between different
regions. The content of Cu, Pb, and Zn is noticeably higher
in the black-colored region than that in the red-colored
region. As for Fe, Mn, and Rb, there is no difference in
their content or distribution between different color
regions. Similarly, patterned elemental distributions of Cu,
Zn, and Pb, as well as similarly patterned elemental dis-
tributions of Fe and Mn, are also observed in the mapped
area. To quantitatively investigate the elemental correlation
between Cu, Pb, and Zn, the correlations between the XRF

body

Mapped area
(400 pm (H) X550 um (V)

Low

intensities of each element were extracted and plotted with
the data in the selected interested regions shown in Fig. 4.
Region of interests ROI 1 and ROI 2 are the boundary
regions of the body and the glaze layers in the black-col-
ored where the Cu was enriched. The correlation coeffi-
cients (r) of Cu versus Pb, Cu versus Zn, and Pb versus Zn
are all greater than 0.84. These results also indicate a strong
positive correlation among the distribution of Cu, Pb, and
Zn in the black-colored region, whereas such phenomenon
is not so prominent in the red-colored region (Fig. S2). A
positive correlation is also found in ancient colored glass
(both the red opaque glasses and blue transparent glasses)
using copper as colorants [30-32].

According to the Chinese traditional decoration tech-
niques of underglaze copper-red porcelain, the pigments
are painted on the surface of the body first, then covered
with transparent glaze, and fired at a kiln with strong
reducing atmosphere. During the firing processes, pigments
dissolved in the amorphous phase of the glaze and elements
contained in pigments diffused from the high content
region to the low content region. When the pigment layer is
too thick to dissolve completely, the residual pigments
could be found in the boundary region between the body
and glaze of the porcelain [33]. Here, copper enriches in
the interface region between the body and the glaze layers
in the black-colored region, whereas it is distrusted irreg-
ularly in the red-colored region. Considering the indistinct
boundary between the red-colored and the black-colored
region, the enrichment of Cu, Zn, and Pb elements in the

Fe Mn

Fig. 3 (Color online) Elemental maps of the black-colored region of underglaze copper-red porcelain
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Fig. 4 Correlation between X-ray fluorescence intensities of Cu versus Pb, Cu versus Zn, and Pb versus Zn in the boundary regions between the
body and glaze layers in black color where Cu enriched. r refers to the correlation coefficient

boundary region between the body and the glaze in the
black-colored region may originate from the residual pig-
ments. It is likely that the non-uniform thickness of the
pigment layer is the reason that different distributions are
observed in different color regions.

3.2 Cu K-edge XANES results

Micro-XANES spectra were recorded to obtain the Cu
speciation contained in the cross section with different
copper concentrations in the red- and black-colored region
based on the pattern distributions. Figure 5a shows the Cu
K-edge XANES spectra of three interested spots within the
cross section of red-colored region. Here, spots A, B, and C
correspond to areas with moderate Cu content, high Cu
content, and low Cu content, respectively. The XANES
spectra of the three spots showed a similar feature with a
strong shoulder at 8983.6 eV. This confirmed the presence
of Cu'" in the red-colored region [34—37]. For spot B, two
splits around 8995.4 eV and 9002.5 eV, and edge crest
around 9024.7 eV in the post-edge region of the XANES
spectrum as that of Cu foil indicate the existence of
metallic copper particles. Because the concentration of Cu
in the red region is relative low, the signal-to-noise ratio for
other spots is too low to distinguish the Cu’ features
clearly.

Seven spots were selected in the black-colored region to
obtain the Cu K-edge XANES spectra. The seven spots of
interest were selected based on the following considera-
tions: Spots A, B, and C denote the regions with the high
Cu content, spots D and E denote the spots with moderate

Cu content, and spots F and G denote the regions with the
lowest Cu content. As shown in Fig. 5b, XANES spectra of
spots A, B, and C refer to regions with similar features
including a shoulder at 8981.7 eV and two split crests in
post-edge region at 8993.6 eV and 9002.7 eV. These fea-
tures are similar to that of Cu foil confirming the presence
of metallic copper in spots A, B, and C [38]. For spots F
and G, the XANES spectra also show the similar feature of
the intense shoulder at 8983.7 eV. The post edge region
could not be distinguished clearly as a result of the low
signal-to-noise (SN) ratios. The strong shoulder at
8983.7 eV indicates the presence of monovalent copper
ions. Comparatively, XANES spectra for spots D and E did
not show prominent features that could be identified
clearly. They have a weak shoulder around 8983 eV and
the post-edge region with low SN ratios. Given that a
strong shoulder usually means the presence of monovalent
Cu ions and the absorption edge is near that of the Cu foil,
the possible speciation in spots D and E is Cu'" and
metallic Cu.

Based on the above XANES results, Cu'"™ and metallic
Cu are present in different proportions, as indicated by red
and black regions, respectively. Theoretically, Cu'" ions in
the glaze matrix are colorless. Thus, the origin of colors is
related to copper metallic particles. According to Rayleigh
scattering theory and the surface plasmon resonance peak,
the absorption of copper particles in the visible range gives
rise to a narrow peak at 570 nm, resulting in the red color
from copper metallic particles. Furthermore, the plasmon
peak wavelength is closely related to the particle size,
inter-particle distances, and electronic coupling, among
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Fig. 5 (Color online) Cu
K-edge XANES spectra taken at
spots of interest in red and black
color regions

Red region, Cu

(b)

Black region, Cu

others [7-9, 38]. Here, the spot size of X-ray is 2 um for all
interested spots measurements. For spots A, B, and C in the
black region, only the features of metallic copper are
observed. However, for spots in the red region, Cu1+, and
possibly Cu’, exists in the same measured area. This
indicates that the different sizes of copper particles are
likely the reason for different colors.

Another question that needs to be asked is why Cu
speciation is different as both red and black colors are fired
simultaneously under the same firing atmosphere. There
are two possible reasons for this: The first one is with
regard to the Cu content. On extracting the XRF intensity

@ Springer
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of interested spots of Cu, Zn, and Pb elements (Table S1),
the Cu content for spots A, B, and C in the black region is
observed to be much larger than other interested spots.
Even for the red region, the Cu content for spot B is larger
than that for spots A and C. The second reason is related to
the existence of Zn and Pb [7-9]. As shown in Fig. S1, the
distribution of Zn and Pb shows an obvious difference
compared with that of Fe and Mn. Both Zn and Pb
demonstrate a larger metal activity than Cu. Thus, the
existence of these elements could promote the formation of
metallic copper particles.
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4 Conclusion

The combination of pu-XRF and p-XANES analysis at a
micrometer resolution has been employed to investigate the
spatial distribution and chemical speciation of copper
contained in red and black regions, respectively, of the
underglaze copper-red porcelain glaze layer. The differ-
ence in the distribution pattern and chemical speciation of
Cu are observed in different color regions. In the black
region, copper is enriched in the interface region between
the body and glaze layers and metallic copper particles are
the main speciation. The distribution of Pb and Zn presents
a high positive correlation with that of Cu in the black
region. On the contrary, the distribution of Cu is irregular
in the red region with multi-valence speciation and
demonstrates no positive correlation with Pb and Zn for
fusion at high temperatures. This confirms the influence of
Cu speciation on the color of Chinese underglaze copper-
red porcelain. Furthermore, although this study is only a
preliminary work, it did clearly show that the combination
of p-XRF and p-XANES could provide more fundamental
information useful for understanding the influence of Cu on
the color of underglaze copper-red porcelain. In future
research, a larger set of Chinese copper-red porcelain as
well as more reference materials will be considered to
deepen the understanding of such underglaze techniques.
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