[*)}

O 0 3

11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29

30
31
32

33
34
35
36
37
38
39
40

ceramics m\o\py

Article

Non-Invasive On-site pXRF Analysis of Coloring Agents,
Marks and Enamels of Qing imperial and non-imperial porce-
lain

Philippe Colomban *, Gulsu Simsek Franci 2, Jacques Burlot 1, Xavier Gallet 3, Bing Zhao ¢, Jean- Baptiste Clais®
and Claire Delery ¢

IMONARIS UMR8233, Sorbonne Université, CNRS, 4 Place Jussieu, 75005 Paris, France,
jacques.burlot@sorbonne-universite.fr

2 Surface Science and Technology Center (KUYTAM), College of Sciences, Rumelifeneri Campus, Kog
University, 34450 Istanbul, Turkey; gusimsek@ku.edu.tr or gulsu.simsek@gmail.com

3Musée de 'Homme, Musée National d’Histoire Naturelle, Paris, France, xavier.gallet@mnhn.fr
4+ CNRS, CRCAO, UMRS8155, College de France, 75005, Paris, France, bing.zhao@college-de-france.fr
5Département des objets d’art, Musée du Louvre, quai Frangois Mitterrand, 75001 Paris, France;

jean-baptiste.clais@louvre.fr

#Musée national des arts asiatiques, Guimet, Paris, France, claire.delery@guimet.fr
*

Correspondence: philippe.colomban@sorbonne-universite.fr or philippe.colomban@upmec.fr

Abstract: On-site pXRF analysis in various French museums (Louvre, Musée national des Arts
asiatiques-Guimet, Paris) of porcelains decorated with painted enamels from the Qing Dynasty, in
particular porcelains bearing an imperial mark, identifies the types of enamels/glazes, the ions and
coloring phases or opacifier. The study of the elements associated with cobalt (nickel, manganese,
arsenic, etc.) and of the impurities of the silicate matrix (yttrium, rubidium and strontium) differ-
entiates the use of 'Chinese/Asian' raw materials from ones imported from Europe by the initiative
of the Jesuit missionaries present at the Court (Forbidden City). Particular attention is paid to the
analysis of the blue color of the marks and to the elements associated with the use of gold or copper
nanoparticles as well as the compositions of the pyrochlore phases (tin yellow, Naples yellow). The
comparison is extended to pXRF and Raman microspectroscopy measurements previously made
on other Qing imperial porcelains as well as Cantonese productions (on porcelain or metal) from
different Swiss and French museums and blue-and-white wares of the Ming and Yuan Dynasties
(archaeological and private collections).

Keywords: pXRF; porcelain; enamels; glaze; cobalt; arsenic ; gold ; mark ; pigments ; opacifier ;

blue: yellow; green; rose; red; white.

1. Introduction

As in Japan at the end of the 16th century at the Court of the Nabeshima clan in
Arita (Kyushu, Japan, beginning of the Edo period (1603-1868)),[1] the Jesuits residing in
the Imperial Forbidden City of Beijing during the reign of the Emperor Kangxi
(1662-1722) and his successors Yongzheng (1723-1735) and Qianlong (1736-1795) played
a decisive role in the transfer of European enameling and painting know-how to Asian
craftsmen. Chinese archives and Jesuit correspondence bear witness to the demands of

the emperors, the difficulties and successes in setting up enameling (1693) and glass
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production (1696) workshops in the Forbidden City, the arrival of European experts,
Jesuits or not (1698 and after) and the importation of ingredients to obtain a palette of
colors, opaque and mixable (1715-1722) allowing the realization of sophisticated realistic
enamel decorations rivaling oil painting.[2-14] Such enamel decorations had been made
in France since the middle of the 17th century on metalware.[15] The Chinese documents
also testify to numerous exchanges of information but also of craftsmen between the
workshops of the Forbidden City and the imperial kilns of Jingdezhen where the porce-
lain 'supports' were produced, but also with the other, 'private’ or official kilns of Jing-
dezhen and the enameling workshops, on porcelain or on metal, of Canton.[11,13,14]

Let us recall that the production of porcelain in Europe, if we except the very par-
ticular case of the hybrid porcelain of Medici (1575-1587)[16], dates back to ~1670 for the
synthesis of soft-paste porcelain (in a way a fritware inspired by ceramics from 'Iznik”)
in Rouen, then Saint-Cloud in France, and Fulham in the United Kingdom)[17] and
~1710 for the ‘true’ china, i.e. a mullite-based hard-paste porcelain, in Meissen (Saxo-
ny)[18], the latter being very close to Chinese productions because using similar rocks
for the paste (kaolin and kaolin-like rocks, pegmatite, quartz, etc.)[19-21]. The enamels of
soft-paste porcelain, with a lead-based flux therefore fired at low temperature (muffle
kiln, ~700 to 1000°C), heirs to the know-how of majolica enamels, Limoges enamels
(metalware) and enamels on glass allow a wide range of colors.[22-25] On the contrary,
hard-paste porcelain glazes fired at a much higher temperature (~1280°C in China,
~1380°C in Europe) only offer a reduced palette, rather similar to that of stained
glass.[22,26,27,28] Indeed the realization of enamels imposes on this layer of thin glass
deposited on an often opaque and non-porous substrate, particular constraints: its low
thickness, a few tens to hundred(s) of microns, imposes a significant concentration in
coloring agent(s); a ‘white” phase, the opacifier usually needs to be added to ‘brighten’
the color.[24,30,31] The realization of the decoration on a non-porous support (and not
on an unfired (green body) or biscuit (porous) paste (first firing around 950°C)) such as
glass, metal or fired porcelain requires the use of mediums particular (essences, oils,
glues, resins) and not water as used to drawn a porous substrate. In the end, the colored
areas must be preserved during firing (no interdiffusion or 'burrs'), presenting after fir-
ing the shine and the desired thickness without defects (flaking, cracking) which deter-
mines the constraints of viscosity, thermal expansion, melting temperature, etc.[32]

The techniques for coloring a layer of glass implement three types of coloring
agents: i) ions exhibiting absorption in the visible, i.e. having incomplete 3d electronic
layers (transition metals) or 4f (rare earths) dissolved in the silicate network; ii) nanopar-
ticles absorbing in the visible, i.e. low-gap (metals such as gold, copper or silver and
semiconductors such as CdS and CdSe); iii) pigments colored by the means mentioned
above prepared separately and dispersed in the silicate powder before firing or forming
on cooling from the silicate melt oversaturated in certain elements.[23-25,29] The tech-
nical literature shows that for the same visual aspect several preparation techniques are
possible. [23-25,29,30,33] Since longtime most of colored glaze and enamels are prepared

from two mixtures: one enriched in coloring agent(s) (e.g. smalt, the cobalt-rich potash
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83 glass that contain up to ~20 %wt CoO [33]), called anima in ancient recipes [34] and a
84 colorless mixture (corpo) that will form the silicate matrix [23,26], convenient to control
85 the melting temperature, the thermal expansion, the viscosity, etc. [24,32]. The first mix-
86 ture, and sometimes the second one, is prepared by glass technique: raw materials are
87 melted in a crucible and the melt is poured in water what leads reduces the glass to
88 powder called frit. Typically the content of coloring phase range between less than 0.5
89 wt% (e.g., CoO or Au®) up to 5-10 wt% (e.g., Fe20s).

90 The objects with sophisticated decorations made for the Emperors of China are
91 among the most appreciated ceramic masterpieces, particularly in Asia, and their value
92 rivals that of many paintings by Western great masters. Also no sampling is possible
93 and even transport to a laboratory is rarely possible given the costs of packaging and
94 insurance. The analysis must be done in the secure place of storage or exhibition. Our
95 previous works [15,17,18,35-40] have shown that the combination of mobile X-ray fluo-
9 rescence (pXRF) instruments (information on the chemical elements present) and mobile
97 Raman microspectroscopy set-up (information on the 'molecular’ structure, i.e. on the
98 crystalline phases or amorphous) identified the coloring agents and phases present in
99 the glazes and enamels, thus making it possible to compare the raw materials and tech-
100 niques for preparing, laying and firing the decorations despite the impossibility of ob-
101 serving the stratigraphy as is possible on a fracture or a shard.[41,42] However, for a
102 perfect interpretation of the results, the study by the same instruments and other more
103 powerful ones (in particular SEM-EDS, XRD, PIXE and PIGE), in the laboratory of simi-
104 lar shards is essential.

105 In this work we will compare a selection of enameled objects, mainly porcelain, be-
106 longing to the collections of the musée national des Arts asiatiques-Guimet (mnaa-g)
107 and the musée du Louvre bearing imperial marks and/or stylistically attributed to the
108 reigns of Kangxi, Yongzheng and Qianlong. These objects have already been analyzed
109 by Raman microspectroscopy [38-40,43]. Additional artifacts assigned to second part of
110 19th century are studied. We will then compare the results with those obtained on simi-
111 lar pieces from the Chinese museum of the Chateau de Fontainebleau [35,43] and the
112 Swiss museums of the Baur Foundation and the Ariana museum [36,37] as well as with
113 sets of Chinese and Vietnamese ceramics from previous dynasties (Ming and Yuan)
114 [44-46]. Such a set of exceptional Qing artifacts has never been analyzed or discussed.
115 Except a recent study of imperial teapots [47], previous XRF studies are related to shards
116 [48-52], and more common pieces [53-56]. The number of pieces considered is around 60
117 for Qing objects, and several dozen for objects from Europe [see reference [18] and ref-
118 erences herein) or from earlier Chinese (and Vietnamese) periods [33-35]. A few compa-
119 rable shards have also been analyzed in depth at the laboratory using many tech-
120 niques.[41,42,57]

121 The questions we will try to answer are the identification of the use of raw materi-
122 als and/or European recipes in the objects and the evolution of technologies during the
123 18th and 19th centuries, the comparison between productions in Beijing and in Canton,

124 for the Emperor, the Chinese market and export (porcelaines de commande / armorial ex-
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port porcelain)[41], the similarities and differences between enamels on porcelain and on

metal and the comparison with similar productions made simultaneously in Europe.
2. Materials and Methods

2.1. Artifacts

The analyzed objects are shown in Figure 1 and Table 1 summarizes information.
The pieces have been selected to represent the period when technical innovations could
be linked to the presence of the Jesuits.[3-5,38,58] To this were added 19th century
porcelains which may have been made after 1850, i.e. using as coloring agents chemical-
ly purified raw materials and not 'simple’ minerals empirically selected and partially
transformed by roasting and/or or acid attack [33,59]. For comparison some Canton met-

alware and Yixing stoneware previously analyzed are included [38,39].

G5696 ~1700 G52501715-22 G913 1723-35 G4806 1723-35

R1175 1735 R1177 1735 R1045 1730-45 R1048 1740-60

<=

R958  1735-1796 R975 TH487 1730-1735 R1041 1722-1735

Figure 1. View of analyzed parts. Existing marks are presented. The allocated production period is

specified (see Table 1 for details).
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The date assignment is quite accurate and reliable for some pieces [35-40,43] and

many artifacts have been recently discussed [60,61]. An overview of Qing Dynasty

enamelware productions can be found in references [62-69].

Table 1. Studied corpus.

Museum | Inventory | Description | Remarks Date Type Refs
number (expected kiln)
Louvre R1041 porcelain Similar cup | 1722-35 43
at  different
museums
R1175 porcelain English fam- | 1735 43
R1177 porcelain ily coat of | 1735 43
arms
R1045 porcelain Similar cup | 1730-45 43
at  Rijksmu-
seum
TH487 porcelain 1730-35 43
R1048 porcelain 1740-60 43
R958 metalware 1730-96 | Canton 39
R975 metalware 1730-96 | Canton 39
Guimet | G5687 porcelain middle | doucai
17thc. | (Jingdezhen)
Private kiln
G5696 porcelain Kangxi mark | ~1700 doucai 38
(Jingdezhen)
G3361 porcelain Kangxi mark | ~1700 Famille rose 38
(Jingdezhen)
G5250 porcelain Kangxi mark | 1715-22 | falangcai 38,60
(Forbbiden City)
G913 porcelain Yongzheng 1723-35 | falangcai 38
mark (imperial Jingdezhen)
G4806 porcelain Yongzheng 1723-35 | falangcai 38
mark (imperial Jingdezhen)
MG3668 | stoneware 2rd half | Yixing 38
18thc. | (private kiln)
G823 porcelain 18th c.
MG8062 | stoneware 19thc. | Yixing 38
(private kiln)
G5615 porcelain 19th c.
G4939 porcelain 19th c.
MG907 porcelain 19th c.
G2789 porcelain 19th c.
G2890 porcelain 19thc.?

Présentation stylistiques des pieces, intérét, pieces similaires dans des cata-

logues-ref et musées

2.2. Method

The procedure has been described in previous articles in details.[15,18,36,37] X-ray
fluorescence analysis was performed on site using a portable ELIO instrument. The
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148 set-up included a miniature X-ray tube system with a Rh anode, a ~1 mm? collimator)
149 and a large-area Silicon Drift Detector with an energy resolution of <140 eV for Mn Kq,
150 an energy range of detection from 1.3 keV (in air) to 43 keV. The working distance is
151 1.4 cm. We measured the standard DRN to validate our approach. Depending on the
152 object, the measurement was carried out by positioning the instrument on the top or on
153 the side. Perfect perpendicularity to the area measured is searched. Measurements were
154 carried out in the point mode with an acquisition time of 150 s, using a tube voltage of 50
155 kV and a current of 80 pA. No filter was used between the X-ray tube and the sample.
156 The analysis depth during the measurement of the enamel was estimated from the
157 Beer-Lambert law (analysis depth, defined as the thickness of the top layer from which
158 comes 90% of the fluorescence)[70] to be close to 6 um at S5i Ko, 170 pm at Cu Ka, 300 um
159 at Au Lo, and 3 mm at Sn Ka. Within the resolution of the pXRF instrument, the Fe Kg
160 peak and the Co K« peak corresponding to the blue color are located in the same energy
161 range and fitting is required to extract relative contriution of each.

162 The data fitting procedure has been already used in previous papers.[36,37] After
163 recording the raw data with ELIO, the spectra files were opened in the Artax 7.4.0.0
164 (Bruker, AXS GmbH, Karlsruhe, Germany) software. For the data treatment process, the
165 studied objects were considered infinitely thick samples. Before evaluating the analysis
166 data, all of the spectra were imported, and a new method file was created via “Method
167 Editor” of Artax for an applied voltage of 50 kV and current of 80 pA. The correspond-
168 ing major (e.g., K, Ca), minor (e.g., Fe, Ti, Co, As), and trace elements (e.g., Ag, Bi...)
169 were added to the Periodic Table. For the correction, escape and background options
170 were selected in the Method Editor, and 10 cycles of iteration were selected starting from
171 0.5 keV to 45 keV. The deconvolution method, Bayes, was applied to export the data ta-
172 ble. The net area was calculated under the peak at the characteristic energy of each ele-
173 ment selected in the periodic table, and the counts of the major, minor, and trace ele-
174 ments were determined in the colored areas (white, red, yellow, orange, blue, green, and
175 black). Normalization with respect to the signal Si or Co or Rh was made for the com-
176 parison of certain elements, in particular for the data coming from different measure-
177 ment campaigns. Before plotting the scatter diagrams, the net areas of each element were
178 normalized by the number of XRF photons derived from the elastic peak of the X-ray
179 tube of rhodium. Then, these normalized data were plotted in the ternary scattering
180 plots drawn for the interpretation and discussion of the results with the software
181 Statistica 13.5.0.17 (TIBCO Software Inc., Palo Alto, CA, USA).

182 3. Results

183 3.1. Information that can be obtained from the XRF fingerprint

184 The most representative spectra have been selected to be presented in the Figures 2
185 to 4, all the results being given in a Table. A first set of information is evident from the
186 observation of the spectra in the characteristic energy ranges of the elements present,
187 namely 0.1 to 20 keV for the main elements (Figures 2-4) and 25-32 keV for the tin, anti-
188 mony and silver (Figures 2 and 4).

189 The presence of lead causes the spectra to be dominated by the peaks of the Lo, Lj,
190 and Ly transitions plus other minor contributions (example yellow zone of bowl G5696,
191 Figure 2), these peaks remain significant even when the presence of lead results from the
192 pollution of the glaze surface during overglaze firing (G5696 blue, Figure 2). Figure 2
193 highlights the three technical solutions to obtain colors ranging from yellow to green, the
194 traditional Chinese recipe with iron ions (bowl wucai G5696 yellow) [19], the addition of

195 tin-antimony (bowl falangcai G5250, tin yellow and Naples yellow pyrochlore) or the
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196 'simple’ tin yellow (G5250 green), also easily differentiated by Raman microspectroscopy
197 [15,23,28,34,35-37,41,71-79]. Comparison of the spectrum recorded on the blue decora-
198 tion of the G5250 falangcai bowl with that of the mark of the 5696 wucai bowl clearly
199 shows the use of different sources of cobalt, the manganese-rich 'Asian cobalt' typical of
200 (late) Yuan productions, Ming productions, and production from the reign of Kangxi
201 before ~1700 [33,80-96] and the 'European cobalt' rich in arsenic for here the falangcai
202 bowl G5250, as has already been highlighted for this object by Raman microscopy
203 [38-40]. An almost identical signature is observed for the falangcai bowl G823, and for the
204 Yixing teapot MG3668 (Figure 3) for which the surface pollution of the cover by the
205 overglaze lead is much lower. On the other hand, for the vase G5687 "Famille verte', typi-
206 cal of a production prior to 1700, as expected we find the use of ‘Asian cobalt’ rich in
207 manganese. On the other hand, the spectrum of bowl MG907 shows an intense cobalt
208 peak, much more intense than that of the associated elements such as iron and manga-
209 nese. This is characteristic of the use as a source of cobalt of a ‘refined” chemical product,
210 salts or oxide and therefore of a production after ~1850, in accordance with its attribu-
211 tion on stylistic (visual) criteria of the decoration (19th or after).

212

35000 Pb

30000 P

b
G5696 yellow

3000 G5696 blue

Sh

Sn

G5250 yellow

Ph
Sb

Counts

Pb 400
G5250 yellow

G5250 green

5000 w Ph A.wn—
U0,1 10 20 25 30 -
Energy / keV
213 Figure 2. Representative XRF spectra of enameled porcelain (see Table 1 for details)
214 Figure 4 presents the spectra of metalware R958 and R975 for different colors. Here
215 tin is detected in all colors due to the need for opacification imposed by the metal sub-
216 strate. The red color is obtained by gold nanoparticles (see the small peaks around 10-13
217 keV on either side of the intense lead peaks), in agreement with the Raman analysis [39].
218 Generally the gold signal is difficult to see for the pinks and reds obtained by the gold

219 nanoparticles, as for example for the pink of the R1175 porcelain (Figure 4). On the other
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220 hand, the gold signature is intense for the golden areas (R1175) and as usual silver is de-
221 tected, the silver improving the gold-ceramic bond [89,97]. The black color is obtained
222 with a mixture of manganese and copper oxides as usual, that is consistent with the spi-
223 nel Raman signature [23,26,29,98].
35000 Pb 4000
30000 1 MG3668 darkblue ~ °° G823 glaze
25000 Pb 3000
20000 2500
15000 | 2000
10000 | 1500
1000 Rb
5000 - 500 Pb
ol A N D AN
0
3000 Fe 4000
2500 G5615 orange 2000 o G5687 blue
2000 °
2000 53 Pb
1500 . .‘Pb K E Pb
1000 1000 E
500
4 40008 +
S ao008 Pb
=1 30000 4 G5687 yellow
8 30000 pb  G2890 blue
20000 o 20000 -
o
10000 E Pb 10000 -4 Pb Fe Pb Pb
o 0
2000 30000 4
Fe 25000 + MG907 blue
50001 S GB23 blue mark
4000 E 20000
3000 KCa [ 15000
2000 Si '?: 10000 A 5
1000 Pb Rb 5000 - K Fe“
0 == B >
0.1 10 20 0.1 10 20
Energy / keV
20000
2500 Fe 15000 Pb
2000 Ca
G913 blue mark Pbi 163361, bhue
1500 10000
“l M1s ¥
1000 | Si 5_’ Rb 25 5000
500 PbySr & 5
35000 6000
30000 G913 blue flower 5000 - G3361 red
«» 10000 G913 red bek G3361 bhigmark
4&0 4000
g 2 Pb 3000
o 6000 Pb 2000
0 by Fe 1000 Rb
Pb
2000 Rb Pb " A N
& _J\.MA.._J
20000 Pb
2500 Ca
Fe 15000 G8062 dark blue
2000 Mn G4608 blue mark Mn Pb
1500 K o 10000 Fe
3 ‘f) : 5000 "
1000 @ e 3. MAA Pb
500 ca A2 PS5 A 0= s >
n S 0.1 10 20
0.1 10 20
Energy / keV
224 Figure 3. Representative XRF spectra of enameled porcelain (see Table 1 for details)
225 Table 2 summarizes the conclusions that can thus be drawn from the ‘simple’ visual

226 examination of the spectra.
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227 Figure 4. Representative XRF spectra of enameled porcelain and metalware (see Table 1 for details)
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The other visually detectable elements are fluxes (potassium and calcium) and their
associated impurities (rubidium and strontium); raw material impurities such as yttrium,
zirconium and uranium, other coloring transition metals such as copper, manganese al-
ready mentioned, and those associated either with iron (titanium), or with nickel, zinc,
etc. and arsenic are also obvious. [33] The main peak of arsenic (Ka) is superimposed for
the resolution of pXRF instruments with the main peak of lead (La) and therefore only
the second peak (Kf) is observable, a little before the second peak of lead.[15,18] Figure 4
shows many examples. Iron presents a doublet with an intense Ka peak with a small K3
peak attached, about 5 to 6 times weaker.[15,18] This last peak is for the resolution of
pXRF instruments almost confused with the Ka peak of cobalt. Assessing the intensity
and width of the peak helps to visually identify the amount of cobalt. To go further in

composition comparisons, precise signal processing is necessary.

Table 2. Comparison between main coloring elements and associated ones, fluxing ele-

ments and phases identified y Raman microspectroscopy.

Inventory
Number
(expected date
of
production)
R1041
(1722-35)

R1175
(1735)

R1177
(1735)

R1045
(1730-45)

TH487
(1730-35)

R1048
(1740-60)

Color Coloring elements ~ Flux (major, Raman Remarks
and associated medium, identified
elements (minor) minor) phase [38,39,43]
glaze Fe Ca,K -
blue Co,Fe,Ni,As Pb,K - European Co
yellow Fe,Zn,5n Pb,K -
pink/rose bck Zn,Au Pb,K - Au° NPs
glaze Fe,Mn Ca,K Glassy
black Mn,Fe,Cu,Co K,Pb spinel
light blue Fe,Co Pb,K -
blue Fe,Co,Ni,As,Cu,Zn Pb,K As-apatite European Co
pink Fe,As,Zn Pb,K NPs Au® NPs expected
gilding AuAg,Zn Pb -
white As,Zn,Fe Pb,K -
glaze Fe, KCa glassy
pink/rose Zn,As,Fe Pb,K NPs Au® NPs expected
yellow+black Zn,Sn (Mn,Fe) Pb,K Lead-tin yellow
glaze Fe K,Ca,Pb Glassy
blue bck Co,Fe,Ni,Cu,Zn,As Pb,K As phase European Co
blue Fe,Co,As,Ni Pb,K As phase European Co
yellow Sn,Zn,As Pb,K Glassy+lead-tin yell tr.
orange Sn,Zn,As,Fe Pb,K NPs Au°/Cu® NPs?
red/rose Zn,Fe,As Pb,K -
black Fe,Mn K,Pb -
glaze Fe Ca,K Glassy
blue Mn,Fe,Co,Ni,Zn,As Pb,K As-apatite Eur/Asian Co mixed?
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R958
(1730-96)
(metal)

R975
(1730-96)
(metal)

G5687
(midd
17th c.)

G5696
(1700)

G3361
(1700)

G5250
(1715-22)

gilding (no gloss)
gilding (glossy)
yellow

red

blue

yellow
red/pink
rose/pink
yellow-green
green
gilding
turquoise bek
blue

yellow

white

green

light green
pink/rose
black

blue

yellow

red

green

black

paste

glaze

blue

blue mark
yellow

green

red

paste

glaze

blue

blue mark
red
rose/mauve
green
yellow-green
white

glaze

blue mark

AuFe,Ag,Zn,Cu
Fe, Au

Mn,5n

Fe
Fe,Co,Cu,As,Mn
Cu,As,Zn,Sn
Au

As,Sn

As,Cu,5n

Cu,As
Au,Sn,(Sb)
Cu,As Fe,(Sn)
Co,Fe,As,Ni,(Sn)
Zn,Sn,(As)

As Fe,(Ni,Cu)
Cu,Zn,As,(Sn)
Cu,Zn,Sn,As
Fe,As

Mn,Fe,Cu
Mn,Fe,(Co)

Fe

Fe

Cu

CuMn,Fe

Fe

Fe

Mn,Fe,(Co)
Mn,Fe,(Co)

Fe

Cu

Fe,(Cu)
Fe

Fe
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G4939
(19th c.)

MG907
(19th c.)

G2789
(19th c.)

G2890
(19thc.?)

black Cu,Mn,Fe Pb -

glaze Fe K.Ca -

rose bck Fe,Au,Zn Pb,K - Au° NPs

blue mark Mn,Fe,Co K,Ca - Asian Co underglaze
blue Co,As Pb,K - Co purity >1850
dark blue Co,Fe,Cu,As,Ni Pb,K - Co purity >1850

blue mark Fe,Mn,(Co) Ca,K - Asian Co underglaze
white As,Cu,Fe,Sn Pb -

yellow Sn,Fe,Cu Pb -

green Cu,Co,Fe,As,Sn Pb,K -

gilding Au Ag Fe,Cu K,Ca -

red Fe Ca,K, Pb -

paste Fe K,Ca -

glaze Fe K.Ca -

red mark Fe K -

black Cu Pb -

green Cu Pb -

light green Cu,Sn,As, Fe Pb -

white As,Cu,Fe Pb -

‘gilding’ Cu Pb - False gilding

gilding Cu,Fe,Au Pb,K,Ca - True Au® gilding
paste Fe K -

blue Fe,Co,Cu,Ni,Zn,As Pb,K - Eur. Co >before 19th c.
dark mark Fe K,Ca -

yellow Sn,Fe,Zn Pb,K -

rose Fe,Sn,Au,Zn,Cu Pb,K - Au°® NPs

green Cu,Fe,Sn Pb,K -

orange Mn,Fe,Sn Pb,K -

black Mn,Fe,Cu Pb,K -

paste Fe K,Ca -

Eur. : European; tr.: traces; -: not studied; NPs: nanoparticles

As already observed in the study of the Baur Foundation bowls with imperial mark
[36,37], the cobalt used for the underglazed marks is rich in Mn, which is in agreement
with an application of the mark on the porcelain green paste in Jingdezhen kiln with a
cobalt from Asian sites. On the contrary, the blue areas of the decorations use cobalt of
complex composition (As, Ni, Cu) in accordance with an imported material and the
enamel is lead-based. The wucai G5687 and G5696 pieces, the oldest in our selection, use
Asian cobalt for the decor. As concluded from the Raman analysis, the G3361 pot ap-
pears to be one of the first objects using imported materials. G2890 bowl expected from
19th century is made with impure European cobalt that is consistent with a production

before development of cobalt refining, i.e. before ~1850. False copper-based gilding in



Ceramics 2022, 5, FOR PEER REVIEW 14

253 combination of true Au° gilding is identified for G2780 bowl. Such technique was al-
254 ready identified in 18th century Meissen ‘gilded” boccaro “porcelain’ [99].

255 For a clear identification of the use of Cu® or Au® NPs for red to violet/mauve color
256 combination of Raman and XRF is required due to the low amount of metal NPs re-
257 quired and hence its difficulty to detect by XRF. Combination of a ‘simple’ Raman sig-
258 nature of the glassy coating with identification of Fe element attests the use of iron ions
259 (Fe®*) to obtain the yellow color (e.g. G4826, G5687 and G5696). Traces of lead-tin are de-
260 tected by Raman microspectrometry (e.g. G913 and G4806).

261 3.2. Towards a semi-quantitative comparison

262 We underlined in the experimental part the problem of the variability of the depth
263 probed by the X-ray photons according to their energy,[70] penetration depth being able
264 to be very lower (light elements) or very higher (heavy elements) than the thickness of
265 the layer of colored enamel.[100] Only for the transition metals the characteristic peaks
266 are located in an energy range inducing a penetration of the same order of magnitude as
267 the standard painted enamel layer (100-200um).[38,41] In addition, by nature, a painted
268 enamel decoration is heterogeneous in chromophore in the 3 directions of the colored
269 layer and this for lower scales or of the order of magnitude of visual acuity (a few mi-
270 crons).[101] Unlike 'solid' glass objects (crockery, stained glass) or thick 'monochrome'
271 enamel layers — a layer of celadon enamel can exceed several millimeters [19] — the con-
272 cept of composition therefore makes no sense for painted enamels and we have pro-
273 posed a particular procedure for comparing enameling techniques, the comparison of
274 the localization of the characteristic signals of the different chemical elements (after cor-
275 rection of the continuous background as possible for example with the Artax data pro-
276 cessing software) in ternary diagrams relevant to raw material composition and ceramic
277 process.[36,37] Clustering data should correspond to rather similar element content in
278 the analyzed volume.

279 3.3. Comparison of silicate matrices

280 An enamel is a totally amorphous glass, whether or not containing chromophore
281 ions, bubbles or a formation of several amorphous phases, or else a glass-ceramic (i.e. a
282 composite material containing a dispersion of phases, introduced before firing into the
283 precursor powder (pigment containing one or more chromophores or opacifier charac-
284 terized by a higher optical index than that of the silicate matrix; these phases must be
285 very chemically stable so as not to be attacked, dissolved by the enamel in fusion during
286 firing ) or forming on cooling from the saturation of certain elements of the molten
287 enamel. We will consider the elements having the role of flux, that is to say lowering the
288 melting point, controlling the viscosity, etc.: potassium, calcium, lead and arsenic (the
289 method cannot detect boron, lithium and sodium), these elements being able to have
290 other specific effects on thermal expansion, chemical resistance, opacification,
291 etc.[24-26,29] The natural impurities of these elements, namely rubidium, strontium will

292 be also considered (Figure 5).
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293 Figure 5. Comparison of flux elements (Pb, Ca, K) of matrices of blue, white or colorless,
294 green, nouge/pink/mauve enamels and pastes and associated elements (Sr, R, Y) (Coll.

295 mnaa-Guimet).
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296 The Ca-Rb-Sr ternary (Figure 5) constructed from ‘blue’” enamels highlights 3 or 4
297 clusters: two large groups, one parallel to the Ca-Rb side and the other enriched in
298 strontium; MG8062 (19th c.) forms an intermediate cluster like the falangcai bowl blue
299 G5250. We therefore have 3 types (origins) of raw materials (which we will call RMCa,
300 RMSr and RMInt). The same classification is possible for enamels of other colors. Paste is
301 located in the RMCa cluster, which leads to associate this group with the use of raw ma-
302 terials from Jingdezhen. From the Ca-Rb-Sr ternary diagram it is clear that the white
303 enamel of artifact G5250 is rather heterogeneous but rather similar to that of G8062 blue
304 one. A third group or a mixture of the other two groups explains the location of the
305 enamels of the Yixing bowl MG8062 and the falangcai bowl G5250. The Pb-Ca-K and
306 Pb-Cu-As ternaries provide additional information.

307 We will first discuss the objects in Figure 2 (mnaa-Guimet Collection, Table 1). The
308 first separates the enamels in which lead constitutes the main flux (all located towards
309 the Pb top summit) from the enamels (and paste) whose surface has been polluted by the
310 lead evaporating during the firing of the overglaze (PbO is very volatile in the above
311 850°C). Potassium-rich pastes (located on the Pb-K side) are also separated from most
312 calcium-rich glazes. The Pb-Cu-As diagram highlights 3 special cases: the black back-
313 ground of bowl G2789 is rich in copper (well-established technique [23,26,29,98]); the
314 pink/rose of the G5250 bowl is enriched with arsenic and as the Raman analysis indi-
315 cates the use of metallic nanoparticles, coloring by gold nanoparticles is expected; the
316 red color of the rose in the G3361 pot is obtained with Cu® nanoparticles (which is in
317 agreement with the Raman analysis which indicates that the red color is not obtained as
318 conventionally by hematite [38]). The use of copper nanoparticles (Cu®) is a techniques
319 used since 10th century (Jun ware) by Chinese potters. [102-106]

320 The Y-Rb-Sr ternary classifies the enamels into two groups, a main group and a se-
321 cond on a line defining the same Y/Sr ratio where the pot G3361 and the bowl falangcai
322 G5250, the bowl G2789, MG907 and MG3668 are located. The ternary constructed by
323 normalizing the signal of strontium by the signals of rubidium, yttrium and zirconium
324 highlights two aligned groups for defined Y/Zr ratios (colorless glazes are part of this
325 group) and Rb/Zr. We find a relationship between certain enamels and glazes as for the
326 pastes, which is consistent with the use of the same raw materials, those of Jingdezhen.
327 We find on the Pb-Ca-K diagram of Figure 6 the two groups of lead-based enamels
328 and those unpolluted or little polluted during firing plus an intermediate group for the
329 golden areas (R1175, R1045, R1048 and R1177 which would indicate a mixed matrix with
330 an intermediate lead content and/or the addition of other fluxing agents. The same is
331 true for the Pb-Cu-As diagram where this group is clearly identifiable. It is difficult to
332 know if the distribution towards the Cu top is caused by the contribution of the metallic
333 substrate for the artifacts R958 and R975 The two groups identified in Figure 6 for the Sr
334 diagram normalized by Rb, Y and Zr are found and the alignment of the data showing

335 the defined Y/Sr ratio is clear, the golden and white colors being richer in Rb while the
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336 enamels of objects R1045, R1048, R1175, R1177 and TH487 (all Yongzheng period) are
337 ‘richer' in yttrium.
b
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338 Figure 6. Comparison of flux elements (Pb, Ca, K) of enamel matrices and associated
339 elements (Sr, R, Y, As) (Coll. Louvre).
340 3.4. Comparison of coloring agents
341 Figure 7 compares the distributions of the signals relating to the color blue, i.e. co-
342 balt and the associated elements, arsenic, manganese and nickel. The source of cobalt in
343 Europe is a potassium glass called smalt with about 10 to 20% wt CoO potassium.[33]
344 Smalt was a by-product of the mining of silver, then of bismuth. Cobalt was specifically
345 mined only at the end of 17th century. [33] Consequently the set of associated element
346 depends both on the ore’s composition and processing. Copper is either an addition to
347 adjust the color or present in ancient cobalt sources (17th and before)[18,33]. On the
348 Co-Pb-K diagram, two clusters can be distinguished, the series of blue marks (G3361,
349 (G4939, G5696, G4806, G823, MG907, G913) which correspond to underglaze marks, most
350 of the potassium likely coming from the contribution of glaze above and around the blue
351 lines, the analysis being carried out by the surface on a spot larger than blue line. The
352 measurement for some having been made on different spots, the distribution of the

353 points gives an illustration of the variability/error of the measurement. The mark of the
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G5250 gives corresponds to lead overglaze enamel composition. The highest level of

copper is observed for ancient objects, G5606, G3361 and G4806 as previously observed

[18]. G2890 appears to be arsenic-free, consistent with production after 1850, as already

noted with other criteria.
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Figure 7. Comparison of elements associated with cobalt (Mn, Ni, U and As) for blue

enamels (top and center, Coll. mnaa-Guimet) and for all enamels (bottom, Coll. musée

du Louvre).

The Co-As-Mn diagram differentiates manganese-rich Asian 'cobalts' (marks of
G3361, G4939, G4806, MG907, G823, and (G913; patterns of G5687, G5696) from possibly
arsenic-rich European 'cobalts' (patterns of G8062, MG907, G3361, G913, G4939,
G4806).[33] The blue of the decor of the Yixing G3668 teapot is particular, which is con-
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1.00

firmed by the Co-Ni-Mn diagram. This diagram specifies the differences between the
different 'cobalts’: the richest in manganese are G5687 (decor), G5696 (decor and mark),
and marks for G823, G3361, G4806, G913, and MG907. We find that the bowl G8062 is
made of 'pure' cobalt, so it production will be after 1850. For the artifacts of the Louvre
museum (Figure 1), only the blue of R1175 is rich in manganese, all the other blues are
rich in arsenic and can have thus been prepared with ingredients imported from Europe.
Note the presence of arsenic in the red colored areas (R1045, R1048). Three hypotheses
are possible: first, As-based opacifier has been dispersed in the red precursor powder or
a background white layer has been deposited. Alternatively the arsenic can be associated
to the red chromophore.

Figure 8 compares different diagrams relating to the colors yellow, orange, brown
and gold. The Pb-Ca-K diagram highlights the colors where traces of lead are only pol-
lution product when firing other colors: orange G823, orange G5615, golden MG907 and

brown G8062; these cases are also distinguished by the presence of copper.
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Figure 8. Comparison of elements associated with the colors yellow, orange, brown and gold.

Golden MG907 and MG2789 have different grades of gold, both containing some
copper, with MG907 being the 'purest’. The Sn-Au-Sb diagram classifies these colors into
three groups, tin yellows (G3668, G2890, G5615 and MG907); Naples yellow rich in an-
timony (G2789, G4806, G3361) and mixed Naples yellow (G5615, G5687, G913, G5615,

G4806), different glazes can be observed on the same object.

3.5. Gold nanoparticle preparation

The comparison of the XRF signals relating to the elements Au, Sn and As for the
different colors ranging from pink to violet and mauve, colors (Figure 9) that can be ob-
tained by gold or copper nanoparticles but also by a red pigment such as hematite or
hercynite will allow us to know the method of preparation of colloidal gold. Indeed it is
established that in the 17th century in Europe two techniques were used for the prepara-
tion of colloidal gold from a solution of gold in aqua regia (mixture of nitric and hydro-
chloric acid): precipitation by addition tin (technique known as Kunckel or Cassius’
purple)[107,108] or by adding arsenic (technique known as Perrot’ or ruby
glass)[109,110], these two techniques originating in Italy. By oxidizing, both tin and ar-
senic having several oxidation states lead to the reduction of gold ions into metallic na-
noparticles. The colloidal gold signal is always very weak because the very high coloring
power of the plasmon of the NPs means that a very small quantity is sufficient. Also
zooms were made near the arsenic pole. We note that only the reds of metalware R958
and (Meissen imitating) porcelain R1048 contain a little tin, and almost no gold (red is
obtained with iron oxide hematite, Table 2) for all the others tin is only traces (Figure 9,
left). The maximum zoom (Figure 9, right) shows 2 groups, those where gold is associ-
ated with traces of tin (G2890 bowl, pink; G3361 pot, red; G4939 bowl], pink background)
and all the others rich in arsenic. Only the colors of the first group can be considered
Cassius purple. For the others, two solutions are possible: preparation by the Perrot
method and/or voluntary addition of arsenic as an opacifier. Opacifier is likely for rose,
or carmin not for red. So for G5687 17th c. wucai, G5696 17th wucai, G913 Yongzheng
bowl, TH487 Yongzheng plate, G823 Qianlong plate, G2789 19th c. bowl, red MG907
bowl 19th c., and R958 Qianlong metal plate the Perrot’ technique is the most likely.
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Figure 9. Comparison of elements associated with the use of gold.
4. Discussion: Comparison between Qing productions and with Ming ones

The objective of this work was to identify in a non-invasive way on the site of con-
servation of the pieces those whose glazes prepared by recipes or ingredients imported
from Europe, as specified in the documents of imperial archives or in the correspond-
ence of Jesuit missionaries.[3-5,11,13,14] The geological contexts of the regions where
Chinese potters sourced their supplies during the Yuan, Ming and early Qing Dynasties,
regions marked by the 'recent' Himalayan geological context differing greatly from that
of European sources associated with old (Hercynian) massifs and therefore the elements
associated with cobalt are very different.[33] This is why we will compare with the XRF
signals the elements Mn and Fe ('Chinese' context) and Ni and As (European context), as
already carried out with objects from the collections of the museums of L'Ariana and the
Baur Foundation [36,37] for which we have also shown that major elements and impuri-
ties associated with materials Early eras of preparation of the silicate matrix (potassium,
calcium, rubidium, strontium and yttrium) effectively classified the Chinese or Europe-
an origins of the productions. The diagrams are shown in Figure 10. As in essence a
painted decoration is built by varying the cobalt concentration, the XRF characteristic
signals of the different elements are normalized with respect to the cobalt signal. Simi-
larly, to compare the impurities of other raw materials, we normalize with respect to the
silicon signal, which makes it possible to take into account the variable thickness of the

enamel. This last normalization is coarser.
4.1. Enamelling technology

The Pb-K-Ca diagram normalized by the Si signal and the Y-Rb-Sr diagram visual-
ize the high temperature underglaze decorations concentrated towards the Ca/Si apex
(Ming & Yuan) and the lead-rich enamels towards the apex P/Si (essential Qing enam-

els).
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Figure 10. Comparison of elements associated with the blue colored areas for artifacts from dif-

ferent origins: Yuan and Ming Dynasty Private Musum Collection [44,45], archaeological shards

issued from sites from Ming Dynasty period [46], Baur Fondation Collection [36,37], Ariana Mu-

seum Collection [36,37], French porcelain [18] and present study (Louvre and mnaa-Guimet mu-

seum Colections). Comparison is made with other colored areas.
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441 Added to this are a number of enamels of objects from the mnaa-Guimet, roughly
442 aligned for a K/Ca ratio; this indicates glazes with mixed Pb-Ca-K fluxes or glazes of
443 variable thickness, the measurement of lead being made on a high thickness or the effect
444 of the pollution of the surface of the glazes during the firing of the overglaze; this is why
445 all the underglaze markings appear in the lower part. We find a similar configuration for
446 the Y-Rb-Sr diagram. On this diagram we have also plotted the data for French
447 soft-paste porcelain decorations [18]. The Y-Rb-Sr diagram shows three groups, i) enam-
448 els/glazes prepared with Chinese raw materials, rich in rubidium (Vietnam productions
449 are enriched in strontium); ii) those prepared with European raw materials, rich in yt-
450 trium and iii) the intermediate cases explained by the use of a mixture of raw materials.
451 We find the same distributions as for the pieces from the Ariana and Baur Foundation
452 collections.[36,37] The differences between porcelain of Chinese/Vietnamese (Ming pe-
453 riod) and French origins are obvious and Qing productions are aligned between these
454 extremes, proving the mixture of ‘Chinese’ and imported ingredients. The list of objects
455 in the decor using mainly European ingredients is listed in the figure. The more the val-
456 ue moves along the line parallel to the Y-Rb side, the more the proportion of Chinese
457 raw materials increases; thus for underglaze marks we find belonging to the 'Ming'
458 cluster. The results are similar for the other colors but with more intermediate data,
459 probably due to the varying proportions of opacifier according to the colors

460 The nCo (normalyzed by Rh counts)-Mn/Co-As-Co diagram classifies objects made
461 with 'pure' cobalt from the chemical industry (a 20th c. Japanese porcelain and the bowl
462 MGB8062 (19th c.) and the mark reported later from a bowl in the Baur Fondation Collec-
463 tion (#616)[36,37] This also classifies cobalt associated with arsenic and those rich in
464 manganese, i.e. made with 'cobalt’ of Chinese traditions. In the latter there are the marks
465 affixed at Jingdezhen underglaze. Intermediate data indicate the use of a third type of
466 cobalt (e.g. G5687 and G5696 wucai) or mixture (R1175). The classification of blue deco-
467 rations is done with the Mn/Co-K/Co-As/Co and Mn/Co-Ni/Co-Fe/Co diagrams. We find
468 the differences between the cobalt of the underglaze brands and that of the overglaze
469 enamels. The comparison with the measurements on the objects of the L'Ariana museum,
470 attributed to the workshops of Canton shows that the cobalt used in the latter is richer in
471 nickel, therefore a European source of this type [33]. We also find that objects from the
472 mnaa-Guimet use ‘Chinese’ cobalt and mixtures.

473 Figure 10 compares the signal of the main elements present in the areas colored in
474 yellow, green/turquoise, and brown/orange. The data has been normalized with the
475 source signal to improve the comparison. We see that the orange color is a color of glaze
476 and not lead enamel. The Zn-Sn-Sb and Co-Cu-Sn ternary diagrams show that the
477 green/turquoise colors are always colored by Cu?* but varying levels of zinc are present,
478 presumably due to varying origins of copper. The variability of solid pyrochlore solu-
479 tions with very different proportions of Sn and Sb is also evident, 'pure’ tin yellow being

480 rare.
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481 5. Conclusions
482 The study demonstrates the potential of on-site and completely non-invasive analy-
483 sis to compare enameling technologies. The complementariness of pXRF and mobile
484 Raman pspectrometry is obvious. Although the analysis is made by the surface on a
485 heterogeneous material, the procedure of visualization of the results makes it possible to
486 classify the enamels according to the elementary ratios and therefore to the raw materi-
487 als. High efficiency is noted for the blue (and green) color due to the different geological
488 contexts of the cobalt sources in Asia and Europe — more work on the characterization of
489 cobalt ores are needed to go further -, for the yellow and green colors due to the complex
490 non-stoichiometry of the pyrochlore pigment (tin yellow-Naples yellow).
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491 Figure 10. Comparison of signal of elements associated with the yellow, green/turquoise, and
492 brown/orange colored areas (normalized with Rh signal).
493 The procedure is also efficient in distinguishing between the different nanoparticles
494 used to prepare from rose to violet color. The comparison of the elements present in
495 marks is also very instructive to detect posterior addition. Unfortunately the molecular
496 techniques used here cannot identify the use of borax (possible by PIGE or by Raman
497 under blue laser excitation) nor fluxes such as sodium (measured by SEM-EDS, PIXE
498 and PIGE) and lithium (PIGE )[57]. The comparison of XRF signal levels relative to yt-
499 trium, rubidium and strontium signals is particularly effective in identifying the use of
500 European raw materials. The cobalt-manganese-nickel and cobalt-manganese-arsenic
501 diagrams identify the different sources of cobalt and help date the period of production.
502 The combined Raman -pXRF procedure makes it possible to assess for each color of each
503 artefact the degree of use of local raw materials and those imported
504 Supplementary Materials: The following supporting information can be down-
505 loaded at:www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title. XRF da-
506 ta ??
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