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Abstract

aging, hydrolysis, or microbial activity.

Ancient Chinese bronzes, particularly bronze mirrors, often develop a fatty, oily, or greasy film on their surface, known
as patina. This film can appear silvery, green, or black. Bronze mirror samples from the Spring and Autumn Period
(770-476/403 BCE) to the Ming Dynasty (13681644 CE) were analyzed using a systematic approach that included
super depth of field three-dimensional microscopy, scanning electron microscopy/energy dispersive X-ray spec-
troscopy (SEM-EDS), Raman spectroscopy, and THM-Py-GC/MS. The analysis indicates the presence of advanced
organic acid lead in the matrix of ancient bronze mirrors. The ancient existence of the lost wax method combined
with the mould method of bronze casting technology is verified through simulation experiments and ancient litera-
ture. Ancient bronze mirrors may have utilized this technique, with advanced organic acid lead remaining in the mir-
ror mould that entered the bronze mirror matrix during pouring. The Lead organic acids in bronze mirrors readily
precipitate on the surface and cover the mirror. The change in the greasy sheen on the surface of the bronze mirror
may be related to the degree of corrosion. If the mirror’s corrosion level is low, the organic acid lead film remains
transparent. If the level of corrosion is significant, the organic acid lead film may darken in color due to oxidation,

Keywords High-tin bronze mirror, Black patina, Silvery patina, Advanced organic acid lead, Lost wax

Introduction

Ancient bronze mirrors often have an oily sheen on their
surface. This sheen is referred to as ’slivery patina’ if it is
bright and silvery, ‘green patina’ if it is emerald green, and
‘black patina’ if it is black. 'Patina’ bronze mirrors are a
type of bronze mirror with a smooth, greasy sheen and a
jade-textured surface. Most research has concentrated on
the ’black patina’ and ’silvery patina’ Currently, there are
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two primary explanations for this phenomenon: artificial
treatment mechanisms and natural corrosion mecha-
nisms. however, due to the limitations of these explana-
tions, the causes of the greasy film on the bronze surface
have not been adequately explained [1-17]

According to a study, the greasy sheen on the surface
of jade is caused by advanced fatty acid salts within the
jade, which come from sedimentary organic matter in
the original rock [18]. Several studies have analyzed the
organic materials present in the bronze mirror mould.
Hiroshi Araki [19] discovered a substance resembling
beeswax in a mould of a Warring States mirror. This
discovery led him to conclude that there was a tradition
of casting mirrors in ancient China using the lost-wax
method. Ceramic mirror moulds from the Han Dynasty
were discovered at the Linzi City site in Qi State. These
moulds have a black carbonic layer on the surface of the
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cavity, sprue, and exhaust channel. Yang [20] suspected
that a layer of beeswax or a similar substance was applied
to the inside of the mirror mould as a release agent before
casting. Wang [21]discovered a black coating layer on the
moulds derived from the Houma foundry. The coating
material was identified as either wax or animal fat.

The author is involved in the preservation of cultural
artifacts in Shandong. Before conservation or restoration,
it is necessary to analyze cultural objects. A section of
the bronze was cut off, embedded in epoxy resin, sanded
with sandpaper, and polished with 0.25 um emery pol-
ish to examine the cross-section of the specimen. Under
fortuitous circumstances, the author discovered organic
materials growing out of the matrix of the bronze mirror
samples after weeks of storage in metal sample cabinets.
This was an unusual phenomenon compared to other
types of bronze samples stored in the same environ-
ment. The author examined hundreds of bronze artifact
samples stored in metal cabinets. Only 10 bronze mir-
ror samples, 1 bronze tripod sample, 1 bronze Zhou ves-
sel sample, and 1 bronze Dou vessel sample exhibited a
similar pattern. The author polished some of the samples
and altered the storage environment. However, the new
organic material still precipitated after a few weeks, indi-
cating that the organic material in the bronze samples
was not caused by external contamination. Additionally,
the fact that one of the bronze tripod samples was newly
excavated by the Archaeological Institute in 2018 elimi-
nates the possibility that the organic matter came from
conservation material or environmental contamination
of the collection [22].

This paper utilizes the super depth of field three-
dimensional microscope, scanning electron micros-
copy/energy dispersive X-ray spectroscopy (SEM—-EDS),
Raman spectroscopy (LCRS), and THM-Py-GC/MS to
investigate the morphology and chemical composition
of the organic material. The objective of this research is
to offer a plausible explanation for the formation of the
greasy sheen surface of bronze mirrors.

Experimental procedure

Samples

Samples of ancient bronze artefacts were collected from
Jinan Museum (JN), Ju County Museum (JZ), Shandong
Institute of Cultural Relics and Archaeology (SICRA),
and Confucius Museum (CM). The bronzes nominally
cover the Spring and Autumn Period (770-476/403
BCE), the Han Dynasty(206 BC to 220 CE), the Tang
Dynasty(618-907 CE), and the Song (960-1279 CE)
and Ming (1368-1644 CE) dynasties. The bronze mirror
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samples were classified into three categories. Six mirrors
had a silver patina (Fig. 1, JN06, JN88, JN68, JN10, JZ24,
JN46), two mirrors had a black patina (Fig. 1, JZ09, JZ12),
and two mirrors had a dark green patina (Fig. 1, JZ03 and
JZ11). Table 1 and Fig. 1 provide further details on the
samples.

Analytical techniques
The polished cross-sectional samples were examined
using a Leica DVMS6 three-dimensional microscope with
super depth of field.

The micromorphology and chemical composition
of the micro-areas were characterized using Phenom
XL scanning electron microscopy, with EDAX Genesis
2000XMS energy dispersive X-ray spectroscopy. The
analyses were conducted in a low vacuum environment
(60 Pa) using an operating voltage of 15 kV.

Phase components were characterized using laser
micro-confocal Raman spectroscopy (Renishaw invia)
with a research-grade Leica microscope with a spatial
resolution of less than 0.5 pm. The optical objectives
used were 50 xand 100x%, and the laser wavelength was
785 nm.

THM-Py-GC/MS: The EGA/PY-3030D tube fur-
nace pyrolyzer (Frontier Lab, Inc.) was set at a pyrol-
ysis temperature of 550 °C and coupled to a gas
chromatography-mass spectrometer (Agilent, 8860-
59778B, Frontier feed). The Py/GC interface temperature
was 300 °C and the pyrolysis products were separated
and characterized using a gas chromatograph-mass
spectrometer. Chromatographic conditions: using a cap-
illary column model Ultra-ALLOY +5 (Frontier Lab,
30 mx0.25 mmx0.25 um, stationary phase of 5% phe-
nyl—95% methyl polysiloxane); the carrier gas used
was helium (He, purity 99.999%). The column flow rate
was 1.0 mL/min. The shunt injection ratio was 2:1. The
chromatographic conditions were as follows: the initial
temperature of the oven was set at 40 'C for 2 min, fol-
lowed by a gradient of 6 ‘C/min up to 300 ‘C for 9 min.
The quadrupole mass spectrometer was set at 150 C for
detection, the temperature of the MS transmission line
is 300 °C, the ionization mode is EI source (ion source
voltage 70 eV), ion source temperature 230 °C, full scan
mode, mass number range 33 ~600 amu, solvent delay is
3 min.

Due to the small amount of organic material precipi-
tated from the sample, it was necessary to scrape the
material together with the alloy matrix and place it in the
sample cup. Following this, 3 pl of methylation reagent
(tetramethylammonium hydroxide, McLean) were added.
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Fig. 1 Photos of the bronze mirrors derived from the JN, the JZ (SICRA and CM only sent samples, no photographs of the artefacts)
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Table 1 Description of the bronze artifacts derived from the JN, the JZ, the SICRA, and the CM

Sample Artifact Name Feature

Dynasty Origin

JNO6 Zhao Ming mirror (BHBR4%) Fragment of bronze with silvery Western Han Jinan Museum
IN88 “Jian Ri Zhi Guang” with Grass Leaf patina Western Han
Pattern mirror (MU B Z Xt EH it
LUIRSR)
IN68 Four Beasts and Four Nodules Pattern Eastern Han
mirror (PUFLIUELLER)
JN10 Two Phoenixes and Two Beasts mirror Tang
NN ELGR)
IN46 Auspicious beast and rare bird Tang

s

and grape pattern mirror (R ZI2 &
RELGERE)

JZ09 Four Beasts and Four Nodules Pat-
terns with Inscription mirror (JU&P0

F3E35%)

17212 Persimmon with Arc and Inscription
mirror (a5 5M5E3L4%)

1769 Persimmon and Four Nodules Pat-

terns and Four Beasts with Inscription
mirror (FhFEIUFL IR E5E35R)
VAN Four Beasts and Dragon pattern mir-

Fragment of bronze with black patina Han

Ju Country Museum

Han

Han

Fragment of bronze with dark green  Han

ror (PUFL 2 Fe0EsR) patina
J703 Three Beasts mirror (= &4%) Tang
1724 Stone Beast mirror (G&48) Fragment of bronze with silvery Song
patina
LG16 bronze Tripod (§) Fragment of bronze Spring and Autumn Period  Shandong Provincial Institute
of Cultural Relics and Archaeol-
ogy
(Unearthed in 2018 at Wangfutai
Cemetery, ancient city of Lu
state, Qufu)
KZ24 Bronze Zhou (1) Fragment of bronze lid Spring and Autumn period  Confucius Museum
Kz67 Bronze Dou () Fragment of bronze Ming
Results uncorroded areas in the matrix of freshly prepared

Composition of the bronze artifact samples matrix
Table 2 presents the results of the EDS analysis of the

Table 2 Chemical composition of the bronze samples analyzed
by EDS (Wt %)

Sample Cu Sn Pb Fe As
INO6 710 249 4.1 — —
JN88 68.0 24.1 79 — —
JN68 70.1 24.6 53 — —
JN10 674 233 93 — —
JN46 66.8 26.7 6.5 — —
JZ09 69.0 252 58 — —
71 67.1 26.8 6.1 — —
1212 68.0 293 27 — —
1703 74.0 17.0 9.0 — —
1724 673 24.6 7.0 0.6 0.5
LG16 589 16.6 24.5 — —
KzZ24 71.2 17.1 1.7 — —
Kz67 79.6 46 15.8 — —

bronze samples, all of which were ternary copper-lead—
tin alloys. The tin content of most samples ranged from
16.6 to 29.3 wt%, with KZ67 having the lowest tin con-
tent of 4.6 wt%. The lead content of most samples ranged
from 2.7 to 15.8 wt%, with LG16 having the highest lead
content of 24.5 wt%.

Morphology and composition of the organic materials
Micro-morphological observation
Based on the Leica microscope analysis in Fig. 2, the strip
material growth on the cross-section of the bronze mir-
rors appears white and translucent. Figure 3 shows SEM/
backscattered electron (BSE) images of specimens JN06,
JN68, IN10, JN46, JZ09, JZ11, JZ12, JZ03, ]Z24, LG16,
KZ24, and KZ67, indicating that the white strip material
growth is mainly present on the non-corroded matrix
area. A small amount of black oily material was also
observed on some of the sample profiles.
SEM/backscattered electron (BSE) images of sam-
ple JN88 in Fig. 4 reveal that the white lead phase was
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Fig. 2 Morphology of white strip materials of sample JZ68 and JN10 cross-sections

exposed after wiping the white strip materials with
alcohol. This indicates that the white strip materials are
mostly grown from the lead phase.

In Fig. 5, SEM(BSE) images of bronze artifact samples
show the morphology of the white strip materials at high
magnification. The selected area of Sample JZ12 is the
corrosion area, while the selected area of all other sam-
ples is the bronze matrix. Table 3 presents the results of
the energy spectrum analysis, where X denotes the white
strip materials and H denotes the black oil materials.
The a-phase and §-phase contents were consistent with
theoretical values, and the bronze substrate did not cor-
rode. The N and O elements have been subtracted from
the EDS data, and the relative content of the C element is
still indicative although it is affected by the low vacuum
environment in the SEM. According to the EDS analysis,
the white strip materials have a high lead content, and
the carbon content is significantly higher than the bronze
matrix (which is about 2%). This may be due to the pres-
ence of some kind of organic lead salt. The black oil mate-
rial has a high content of carbon, copper, and tin, which
is probably some kind of organic salt of copper.

Raman spectral analysis

Figure 6 shows the Raman spectra of white strip materi-
als precipitated in three samples (JZ03, JZ09, and JZ24)
collected from the JZ Museum. The spectra of the sam-
ples are similar to each other, and the results indicate that
they are consistent with the lead of fatty acid. The peak
at 2851 cm™' represents the stretching vibration of the
CH, and CH,. A peak at 1441 cm™! was assigned to ez
symmetric bond stretching vibration peaks formed after
the homogenization of carbonyl groups in carboxylates.
A peak at 1296 cm™! corresponds to the (CH,), non-pla-
nar oscillation. This is followed by several peaks between
1062 cm ™! and 1129 cm™ corresponding to C—C skeletal
telescopic vibrations. The C—-C-C symmetric stretching
vibration of carbon chains in the region of 890 cm ™! [23].

100 pm

Figure 7 shows the Raman spectra of white strip mate-
rials precipitated in five samples (JNO6, JN10, JN46, JN68,
and JN88) collected from the JN museum. Some of the
spectral peaks in the samples were similar to those of the
JZ sample, but there were also other characteristic peaks
present. The stretching vibration of the C=C bond has a
peak at 1651 cm™L. A peak at 1601 cm™! coincides with
the stretching vibration of the benzene ring, and the
1001 cm™! is attributed to the respiratory vibration of the
benzene ring [24]. The Raman spectra of the white mate-
rials precipitated in bronze artifact samples collected
from the CM and the WF are similar to those of the JN
samples, as shown in Fig. 8.

THM-Py-GC/MS analysis

Since the methylation reagents added to the samples tend
to react with carboxylates to form esters, the pyrolysis
products are mostly higher fatty acid-converted esters
(Fig. 9, Table 4) the main ingredient is hexadecanoic acid
or dilute acid esters). Some aromatic compounds were
also present in some samples. Based on the results of
THM-Py-GC/MS analysis and Raman spectroscopy, it
can be concluded that the white stripe materials grow-
ing on the bronze matrix are advanced organic acid lead.
The materials from JZ samples consist mostly of satu-
rated fatty acid lead, while the materials from JN samples
consist mostly of unsaturated fatty acid lead and aromatic
acid lead.

Simulation experiment

Advanced organic acids are solids at room temperature.
Similar materials do not exist in laboratory environ-
ments, and it is difficult for similar components in the
soil to penetrate the uncorroded bronze matrix. There-
fore, organic lead acid growths on the matrix of bronze
artifacts are not formed by environmental pollution.
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Fig. 3 SEM/backscattered electron (BSE) images of white strip materials growth on the bronze artifacts samples
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Fig. 4 SEM (BSE) images of white strip materials growth on sample JN88 cross-sections (a: the organic materials growth on the matrix; b,

the organic materials were wiped by alcohol)

Similarly, if the surface of a bronze mirror had been
sealed with lead soap, the lead soap would not be able to
penetrate the uncorroded bronze matrix. Therefore, the
lead soap in the bronze mirror has nothing to do with
modern or ancient conservation treatments.

When bronze is melted at high temperatures, the added
organic material burns off or evaporates and cannot
remain in the metal. The organic lead acid in the bronze
mirror should originate from residue on the casting. If
organic matter, such as grease or beeswax, is present in
the casting mould, it may react with the metallic lead in
the copper solution to form advanced organic acid lead
during casting. To verify this speculation, analytically
pure stearic acid was heated to a liquid state (70 ‘C), and
added a lead block. The black lead oxide on the surface
of the lead block dissolved and expressed a silver color,
after which the reaction stagnated. The weight loss of the
lead blocks was 0.34%. The experiment was repeated with
other types of fats and oils, and the results were the same.
The metallic lead did not react with the advanced organic
acids or esters. This suggests that the residue in the
mould during casting should be the prepared advanced
organic acid lead.

To test the method of melting advanced organic acid
lead into the bronze mirror, the inside of the plaster
mould was coated with a 1 mm thick layer of lead stea-
rate, which was 3—4 mm thick at the bottom. The copper-
tin melt without lead was then poured into the plaster

mould. The lead stearate was ignited at a high tempera-
ture vaporized and evaporated quickly. The surface of
the formed No.1 copper block was free of residual lead
stearate, but the bottom was greatly irregular due to the
boiling washout of lead stearate. An area of approxi-
mately 0.7 mm in the bottom of the No. 1 copper block
contained a small amount of lead stearate, while the
matrix had no lead (Fig. 10, Table 5). Upon enlarging the
lead-containing area of the No. 1 copper block, it was
observed that the majority of the lead stearate existed
as fine white particles within the (a+3) eutectoid. The
results suggest that the presence of a few lead stearates
in the mirror mould may result in its incorporation into
the bronze mirror matrix during the casting process.
However, the amount is insufficient to penetrate deeply
Table 5.

In the second experiment, a significant amount of lead
stearate was added to the plaster mould. However, it was
observed that the copper-tin melt cooled rapidly as it was
poured, causing it to solidify before it could fill the mirror
mould. Lead stearate, which has a specific heat capacity
greater than that of oil and less than that of water, is an
excellent coolant. Therefore, the poured copper-tin melt
lost heat too quickly and solidified completely after only
slightly penetrating the mirror mould. Figure 11 displays
the SEM(BSE) image of the cross-section of the No.2
copper block. The image shows that the white lead stea-
rate was only present on the surface of the No.2 copper
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Fig. 5 SEM(BSE) images of white strip materials growth on bronze artifacts samples
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Fig.5 continued
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Table 3 Chemical composition (Wt %) of the bronze artifacts samples analyzed by EDS

Sample Area Phase Cu Sn Pb C Si Al Na K Ca Fe Mg S cl As
JNO6 part 1 X 246 99 57.2 7.7 03 03 — — — — — — — —
2 X 23.8 99 587 7.1 0.2 0.3 — — — — — — — —
3 X 273 87 57.9 5.7 0.2 0.1 — — — — — — — —
JN88 part 1 X 19.1 7.7 679 4.7 04 0.2 — — — — — — — —
2 X 328 89 509 7.0 0.1 03 — — — — — — — —
3 X 239 9.9 57.7 80 0.1 03 — — — — — — — —
4 Pb 155 44 77.6 22 0.2 0.1 — — — — — — — —
5 6 65.0 29.7 26 22 03 02 — — — — — — — —
6 a 724 20.0 44 2.8 0.2 0.1 — — — — — — — —
ING8 part 1 X 17.7 6.6 67.1 79 04 03 — — — — — — — —
2 X 234 103 582 7.3 0.5 0.3 — — — — — — — —
3 X 325 93 53.6 43 0.2 0.2 — — — — — — — —
4 a 773 169 25 33 — — — — — — — — — —
5 o 65.2 296 2.7 2.5 — — — — — — — — — —
IN10 part 1 X 154 4.8 732 6.0 03 04 — — — — — — — —
2 H 46.5 14.1 19.8 5.1 0.9 04 4.5 0.6 04 3.9 0.5 3.0 04 —
3 X 15.8 4.1 758 34 0.6 03 — — — — — — — —
4 X 206 79 63.7 73 0.2 03 — — — — — — — —
IN46part 1 X 11.0 55 71.8 1.1 0.2 0.4 — — — — — — — —
2 X 11.5 49 709 122 0.2 03 — — — — — — — —
3 a+é 61.3 279 3.7 6.3 0.2 0.3 — — — — — — 0.3 —
4 Pb 6.4 27 87.0 3.6 0.2 0.1 — — — — — — — —
JZ09 part 1 X 338 140 40.8 105 0.1 0.8 — — — — — — — —
2 a 79.6 17.7 1.6 1.1 — — — — — — — — — —
3 6 65.8 304 28 1.0 — — — — — — — — — —
JZ11 part 1 X 24.7 10.2 549 94 0.3 0.5 — — — — — — — —
2 X 183 72 615 121 03 0.6 — — — — — — — —
3 Pb 153 54 76.8 22 0.1 0.2 — — — — — — — —
4 66.6 305 1.8 1.1 — — — — — — — — — —
5 76.8 19.7 2.1 14 — — — — — — — — — —
JZ12 part 1 X 109 7.8 71.7 8.9 0.3 04 — — — — — — — —
2 H 251 173 434 136 04 0.2 — — — — — — — —
3 Pb 420 252 30.0 2.5 0.2 0.1 — — — — — — — —
4 Pb 16.7 1.5 68.1 32 04 0.2 — — — — — — — —
5 6 61.5 336 25 18 0 0.2 — — — — — — — —
J703 part 1 X 14.6 4.1 754 53 0.1 0.4 — — — — — — — —
2 X 20.1 6.2 66.7 6.3 0.2 0.5 — — — — — — — —
1724 part 1 X 15.0 48 72.5 7.0 0.2 0.5 — — — — — — — —
2 X 16.1 7.3 67.7 7.0 03 0.5 — — — 1.0 — — — —
3 H 529 10.7 32 54 04 04 — — — 120 — 137 0.2 13
LG16 part 1 X 14.8 4.1 757 4.8 0.2 04 — — — — — — — —
2 X 22.1 7.1 64.0 6.0 0.2 0.6 — — — — — — — —
3 X 7.2 2.1 829 6.9 0.3 0.6 — — — — — — — —
4 Pb 53 19 90.6 20 02 0.2 — — — — — — — —
5 a+é 65.7 250 6.8 22 0.1 02 — — — — — — — —
6 a 76.3 14.3 6.6 25 0.1 0.2 — — — — — — — —
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Table 3 (continued)
Sample Area Phase Cu Sn Pb C Si Al Na K Ca Fe Mg S Cl As
KZ24 part 1 X 186 4.0 64.4 11.0 1.7 0.3 — — — — — — — —
2 X 19.7 38 63.1 83 4.7 0.3 — — — — — — 0.3 —
3 X 15.8 4.0 74.6 4.7 0.7 0.2 — — — — — — — —
4 Pb 10.5 0.8 813 22 1.6 0.2 — — — — — — 34 —
5 a+6 65.2 283 4.0 2.0 04 0.1 — — — — — — — —
6 a 758 128 7.7 2.6 0.5 0.1 — — — — — — 0.5 —
KZ67 part 1 X 109 0.7 81.7 59 0.5 03 — — — — — — — —
2 X 11.0 0.5 80.0 7.9 0.2 0.4 — — — — —
3 Pb 6.9 04 89.6 1.9 0.5 0.3 — — — — 04
4 a 85.2 39 57 24 0.4 0.3 — — — — 2.1
= g
S S
5 B
= =
g =
E E
[CH, (CH,) ,4C00] ,Pb
5(‘]0 1 (;00 1 5’00 20‘00 25‘00 30‘00 5(‘)0 l(;OO lﬁl()() 20‘00 25‘00 30‘00
Raman shift/cm Raman shift/cm
Fig. 6 Raman spectra image of JZ samples Fig. 7 Raman spectra image of JN samples
block. This result suggests that the amount of lead stea-
rate in the mirror mould can not be excessive before cast-
ing Table 6.
During the second experiment, the lead stearate in -
the mould was occasionally ignited during casting. £
The flame was extinguished when the copper-tin melt S
completely blocked the gate. It was found that small B
amounts of lead stearate were present in this kind of g
=

copper block matrix (Fig. 12, No. 3 copper block). The
metallographic structure of the No. 3 copper block
consists of the § phase and («x+9J) eutectic, with the
lead stearate mostly present in the § phase. The metal-
lographic structure of the No. 1 copper block consists
of the a-phase and (a+ 8) eutectoid. The lead stearate
is mainly present in the distribution area of the eutectic

Fig.

T T T T
500 1000 1500 2000 2500 3000

Raman shift/cm

8 Raman spectra image of CM and WF samples
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Fig. 9 The chromatogram of sample KZ67, LG16, JZ11, 1703,
and JZ24 obtained by THM-Py-GC/MS analysis

(Fig. 10). The melting point of each organization of the
bronze alloy decreases with an increase in tin content.
The o phase has the highest melting point, followed
by the (a+ 8) eutectoid, and the § phase has the low-
est melting point. Organic acid Lead is more prone to
occur in low melting point phases, so advanced organic
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acid lead in ancient bronze mirrors is mostly found in
lead (The melting point of metallic lead is only 327 C)
(Table 7).

To allow lead stearate to penetrate the bronze mirror
matrix, the low-melting organization in bronze must
remain in a liquid state for an extended period. A wax
cake, measuring approximately 40 mm in diameter and
8 mm in thickness, was moulded from lead stearate. The
wax cake is encased vertically in refractory plaster, leav-
ing a sprue and riser. Before casting, the mould is baked,
causing some of the lead stearates to liquefy and flow out.
Approximately 20~30% of the lead stearates remain in
the muold due to their high viscosity. The copper-tin melt
was poured into the mould, and the lead stearate quickly
boiled and burned. Smoke blackened the gypsum mould-
ing cavity and sprue as the flame burned, forming the No.
4 copper block in about a minute. Figure 13 shows that
there is no lead stearate on the surface of the No. 4 cop-
per block, but the white lead stearate is present through-
out the entire bronze matrix which has a morphology
similar to that of granular lead found in ancient bronze
mirrors (Table 8).

Fig. 10 SEM/backscattered electron (BSE) images of cross-section sample of No. 1 copper block
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Table 4 The main compounds identified in sample KZ67, LG16, JZ11, JZ03, and JZ24 by THM-Py-GC/MS (the peak No. corresponding

to Fig. 9)
Sample Peak No RT Area% Formula Compounds identified
Kz67 1 9.80 0.364 CgH 40, n-Butyl methacrylate
2 11.15 0.086 CgH,40, Methyl 6-heptenoate
3 12.66 0.13 CiiHy, 1-Undecene
4 1344 0.234 CgHgO, Methyl benzoate
5 19.86 0.161 CisHog 1-Tetradecene
6 21.59 0428 CioH150, Dimethyl octoate
7 2266 0.342 Ci3H60, Methyl laurate
8 23.36 0.303 Ci1H500, Dimethyl azelate
9 2451 0.067 Ci4H550, Methyl tridecanoate
10 25.96 0468 Ci5H60; Methyl myristate
11 2633 1.361 Ci5H300, Methyl myristate
12 28.12 0.321 Ci6H350, Methyl pentadecanoate
13 2932 0.384 Ci7H30, Methyl (2)-7-hexadecenoate
14 2941 0.143 Ci7H3,0, Methyl (2)-7-hexadecenoate
15 3143 0.181 CigH360, Methyl heptadecanoate
16 3249 0.187 CioH360, Methyl 11-octadecenoate
17 32.86 2.656 CioH350; Methy! stearate
18 3597 0.057 CyH40, Methyl 18-methylnonadecanoate
LG16 1 7.30 0.552 CoHig 1-Nonene
2 9.97 0.206 CigHyo 1-Decene
3 1142 0647 C4HO Phenol
4 12.72 0.259 CiyHysy 1-Undecene
5 15.10 1.237 CioHou 1-Dodecene
6 15.28 0419 CioHog Dodecane
7 16.04 0.063 CgH,00 4-Ethylphenol
8 1742 0.103 CisHog 1-Tridecene
9 19.64 0.597 CigHog 1-Tetradecene
10 2161 3133 Ci5H60 1-Dodecanol
11 2383 0.119 CigHag Cetane
12 24.40 0.187 Ci3H,,0 Methyl-6, 8-dodeceny! ether
13 2555 0.635 Ci5H300, Methyl myristate
14 26.23 0.37 C,5H5,0, Methyl myristate
15 26.88 0.309 CyuHas05 Eicosylpropen-2-yl carbonate
16 2801 0.164 Ci6H3,0; Methyl pentadecanoate
17 29.30 0.356 Ci7H3,0, Methy! (2)-7-hexadecenoate
18 29.74 0.222 Ci7H340, Methyl palmitate
19 3045 0457 CyoHp05 Cetyl methyl
20 32.82 0.964 CioH350, Methyl stearate
21 37.34 0.09 GH,0 Dodecyl nonyl ether
Jzn 1 2645 0332 Ci5H300, Methyl myristate
2 2820 0.182 Ci6H3,0; Methyl pentadecanoate
3 2941 0.13 Ci7H30, Methyl (2)-7-hexadecenoate
4 29.79 0.856 Ci7H340, Methyl palmitate
5 3259 0.134 CioH360, Methy! (E)-9-octadecenoate
6 3296 0.157 CioH350, Methyl stearate
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Table 4 (continued)
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Sample Peak No RT Area% Formula Compounds identified
JZ03 1 7.32 0.586 CoHig 1-Nonene
2 11.29 0.019 CgH,00 1-Methoxy-4-methylbenzene
3 1171 2381 CeHeo Phenol
4 12,67 0.261 CiHyy 1-Undecene
5 15.09 0.942 CioHou 1-Dodecene
6 16.25 0.104 CgH,00 4-Ethylphenol
7 19.63 0475 CiaHog 1-Tetradecene
8 21.70 1.749 Cy,H560 1-Dodecanol
9 2218 0.275 Ci6H300, Z-3-Tetradecen-1-yl acetate
10 23.68 0.189 CigHsy 1-Hexadecene
11 23.82 0.138 CigHaa Hexadecane
12 25.54 0.962 Ci6H300, N-dodecyl methacrylate
13 26.22 0.589 Ci5H300, Methyl myristate
14 26.85 0.299 Ci7H3,0; Carbonic acid 1-en-2-yl tridecyl ester
15 27.99 0.355 Ci6H3,0, Methyl pentadecanoate
16 29.05 0.162 Ci7H340, Methyl palmitate
17 29.28 0.175 Ci7H30, Methyl (2)-7-hexadecenoate
18 29.70 2.166 Ci7H3,0, Methyl palmitate
19 3281 0.382 CioH350, Methyl stearate
1724 1 21.85 0.023 C7H30 2-Methyl-1-cetyl alcohol
2 26.34 0.536 Ci5H300, Methyl myristate
3 29.73 1.15 Ci7H340, Methyl palmitate
4 3290 0.157 CioH350, Methyl stearate
Discussion the Jin Dynasty (266—420 CE). According to the given

Evidence of lead soap occurrence

Advanced Organic Acid Lead, also known as Lead Soap, is
formed when lead oxides react with saturated or unsatu-
rated fatty acids found in animal fats or vegetable oils.
Lead Soap production technology has been present in
China for a long time. The literature records 'Lead paste’

(4%4°8) in Zhouhou Beiji Fang ( i /G & =% ) during

Table 5 Chemical composition (Wt %) of the No.1 copper block
cross-section sample analyzed by EDS

Area Cu Sn Pb C

1 829 12.6 33 1.2
2 85.0 144 — 0.6
3 12.1 28 825 26
4 17.5 35 735 56
5 90.1 9.0 — 09

text, the process involves taking thirteen taels of clear ses-
ame oil or vegetable oil and seven taels of lead oxide into
an iron pan and frying on a simmer, with coarse wet wil-
low branches grating and churning until the color turns
black. The fire should then be strengthened while still fan-
ning the fan and churning. When the smoke breaks off, it
indicates that the lead paste is finished preparation.
During casting, the Lead Soap applied to the inner
surface of the mould in small amounts would evaporate
quickly and vaporize or burn out at high temperatures,
it is difficult to retain and penetrate the bronze matrix.
Therefore, it is improbable that the Lead Soap origi-
nated from a mould release agent. The literature titled
"The Exploitation of the Works of Nature’ ( { X TF
¥ ), written in 1637, records a casting technique that
combines the moulding cast method and the lost wax
method. According to the text, the method for casting
bronze bells and tripods weighing more than ten thou-
sand pounds is the same. First, a pit more than ten feet
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Fig. 11 SEM/backscattered electron (BSE) images of cross-section
sample of No. 2 copper block

deep is dug and kept dry. Then, it is constructed as if it
were a house. To create the inner mould, lime, fine sand,
and clay are blended into the soil and moulded without
any cracks. Once dry, a coating of butter and yellow wax,
with a ratio of eight-tenths tallow and two-tenths yellow

———
50 pm 1224 ym

15kV - Image
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Table 6 Chemical composition (Wt %) of the No.2 copper block
cross-section sample analyzed by EDS

Area Cu Sn Pb C
1 7.6 45 824 55
2 710 28.0 — 1.0

wayx, is applied to the top few inches. Finally, a tall roof is
constructed to protect the bell model from the sun and
rain, especially during summer when the oils and waxes
may not solidify easily. After applying a smooth layer of
oil wax with a plasterer’s knife, the surface can be carved
with various words and patterns. Next, a mixture of finely
pounded clay powder and charcoal powder is applied
layer by layer on top of the oil wax, creating a coating that
is a few inches thick. When the inside and outside of the
outer mould are naturally dry and solid, roast it slowly on
top of a fire. This will cause the oil wax inside to dissolve
and flow cleanly from the opening of the mould. The cav-
ity between the inner and outer moulds will become the
place where the bells and tripods will be moulded in the
future. It takes ten pounds of copper to fill the void for
every pound of oil and wax vacated.

Based on the mentioned documents, it is known that
during the Ming Dynasty, oil and wax were applied to the
outside of the inner mould to facilitate the engraving of
fine patterns on the wax film when making bronze bells
and tripods. Fine clay was then applied to the outside of

JUL 4 2023 18:10

15KV - Image

189.5 ym

Fig. 12 SEM/backscattered electron (BSE) images of cross-section sample of No. 3 copper block
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Table 7 Chemical composition (Wt %) of the No.3 copper block
cross-section sample analyzed by EDS

(2024) 12:136

Area Cu Sn Pb C

1 45 25 88.1 49
2 654 26.1 6.8 1.7
3 66.9 280 38 13
4 715 27.1 — 14
5 489 259 215 3.7
6 479 24.7 24.0 34
7 69.8 279 1.0 13

the wax film to create the outer mould. The casting tech-
nique used for Bronze Ding LG16 was likely similar to
this process. Additionally, the literature notes that oil wax
is too soft and prone to melting when used as a raw mate-
rial for wax film. The Lead Soap melting point around
100 °C and moderate hardness are ideal for wax film raw
materials. There are fine decorations on the surface of the
bronze mirror, and it is probably also used a combination
of fan casting and lost wax casting. During the casting
process, the remaining lead soap in the Fan is completely
melted and ignited, leaving the low melting point metal
in a liquid state for an extended period. Subsequently,
the lead soap flows into the bronze matrix along with the
molten liquid metal. Lead Soap has been found in bronze
artifacts from the Spring and Autumn Period to the Ming

»

200 pm

1814 ym

o 5 IR o
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Dynasty in Shandong Province, suggesting that this com-
bined bronze casting technology may have been widely
used.

Effects of lead soap

Metals expand and contract with temperature changes.
Lead Soap is soft and can easily precipitate and accumu-
late on the surface of copper mirrors as the metal con-
tracts. The presence of Lead Soap inevitably affects the
surface luster of copper mirrors. Bronze mirrors often
have an oily sheen due to the white, translucent, waxy
solid with a greasy sheen that is Lead Soap. The organic
acid salts have excellent corrosion resistance, so ancient
bronze mirrors are usually well preserved.

Organic matter can deepen in color due to oxidation,
aging, hydrolysis, or microbial activity. Heat may acceler-
ate this process. When buried in soil, bronzes are suscep-
tible to galvanic corrosion. Electrochemical corrosion,
also known as a corrosion cell, is essentially a short-cir-
cuited primary cell. Batteries are designed based on this
principle. When a battery is short-circuited, the electrical
energy is completely converted into heat and released. In
severe cases, the battery may even spontaneously com-
bust. Metals corrode slowly, and the conversion of elec-
trical energy to heat is also a slow process. The silvery
patina mirror corrosion degree is light (corrosion layer
thickness is generally less than 50 pm), and senior organic
acid lead maintains a transparent state. Black patina mir-
ror corrosion degree is heavier (corrosion layer thickness

SEZIT

Fig. 13 SEM/backscattered electron (BSE) images of cross-section sample of No. 4 copper block
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Table 8 Chemical composition (Wt %) of the No. 4 copper block
cross-section sample analyzed by EDS

Area Cu Sn Pb C

1 704 264 25 0.7
2 70.6 27.0 19 0.5
3 10.6 45 718 13.1
4 8.9 3.7 74.5 129

is generally greater than 150 pm), and corrosion that lasts
for thousands of years has the potential to deepen the
lead soap color on the surface of bronze mirrors.

Difficulty of detection

Organic components are rarely tested for in metals. The
amount of lead soap present in bronze mirrors is typi-
cally low and mixed with metallic lead, which can make
it challenging to detect. The conversion of lead soap on
bronze mirror surfaces to organic acids in acidic envi-
ronments can be challenging to detect when mixed with
soil components in the rust layer. Due to the glassy state
of Lead Soap after heating, conventional rock and min-
eral identification methods such as X-ray diffraction and
microscopic laser Raman spectroscopy (with very strong
fluorescence) are not effective in identifying it. XRF and
EDX analyses often subtract elements such as C, O, and
N as air constituents. In FTIR, the characteristic main
peaks of organic acid salts are covered by the bending
vibration peaks of the O—H bond of the water of crystal-
lization, and the characteristic peaks such as methyl and
methylene are often misidentified as humic acid. This is
likely the reason why Lead Soap has not been detected in
bronze mirrors thus far.

Conclusions

This study found that white striations, confirmed to be
Lead Soap, precipitated from the cross-section of bronze
mirror samples preserved at room temperature. The Lead
Soap in the bronze mirror should have remained in the
mould during casting. Since small amounts of organic
materials in the mould tend to vaporize and evaporate or
burn out completely when poured at high temperatures,
the possibility of its use as a release agent is ruled out.
Simulation experiments have shown that when using
the lost wax method to make bronze, the lead soap as
moulding material will be partially retained in the mould
during the process of heating. During pouring, the high
temperature generated by burning lead soap keeps the
low-melting-point tissues in the bronze mirrors in a lig-
uid state for an extended period, and the lead soap can
flow into the bronze matrix along with the liquid metal
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melt. According to the ancient literature "The Exploita-
tion of the Works of Nature", there is a casting technique
that combines the lost wax method with the moulding
method. Ancient bronze mirrors may have used a similar
technique and used lead soap as the raw material for the
lost wax process.

Lead Soap is soft, and after precipitation on the surface
of the copper mirror is easy to diffuse and cover the cop-
per mirror (artificial wiping can also make it cover the
whole object), which would form a corrosion-resistant
layer. Electrochemical corrosion is the most common
process of bronze corrosion in nature. During this pro-
cess, the temperature of the corrosion layer would rise
slightly due to the heat energy coming from the corro-
sion. Elevated temperature can accelerate organic matter
oxidation, aging, hydrolysis, and other reactions, result-
ing in color deepening. Additionally, microbial action can
alter the surface color of organic matter.
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