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Abstract

Nanotechnology is defined as design and production of structures, devices and systems by controlled manipulation of sizes
and shapes at atomic, molecular. Through X-ray nano-CT, we have scanned archaeological artifacts that cannot be observed
by human eyes without damaging cultural relics, so as to better study and restore protected cultural relics. The principles
of X-ray fluoroscopy and fluorescence spectral analysis were introduced, which can obtain information about the internal
structure, manufacturing process and erosion of cultural relics. These two techniques were applied to the detection of some
bronzes in Shang and Zhou dynasties, and the detection images and data of two bronzes in Shang Dynasty were given. The
preservation, casting process and alloy composition were analyzed and discussed. It is determined that the ware is cast by
the mud block model method. The discussion and analysis tend to support that the alloy technology originated from the
typical ternary alloy system in Shang and Zhou dynasties. During this period, craftsmen have summed up a set of scientific

bronze alloy system.
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Introduction

Traditional archaeology, especially artifact archaeology,
mostly adopts the methods of stratigraphy, artifact typol-
ogy, textual research and chronology to study the authentic-
ity, age, place and other information of the research object
and reveals the social relations at that time. These methods
are intuitive, economical and convenient and still occupy a
major position in today's archaeology, especially in Chinese
archaeology. However, their shortcomings are also obvious:
too much reliance on experience, too much subjective judg-
ment, inability to accurately determine the age of objects,
and so on. Since the twentieth century, the ideas and meth-
ods such as carbon-14 dating, X-ray nondestructive testing,
lead isotope testing and Raman spectral analysis have gradu-
ally matured and applied to the field of traditional archaeol-
ogy with the continuous emergence and development of new
scientific and technological means. It has brought new aca-
demic vitality to it and formed a new branch of archaeology,
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including scientific and technological archaeology. More and
more scholars, such as Mei Jianjun [1], Jin Zhengyao [2]
and Wu Xiaohong [3], begin to pay attention to and use sci-
entific and technological means to carry out archaeological
research. However, as far as China is concerned, the existing
and newly released archaeological materials are very rich,
and so far only a small number of them have used modern
science and technology for research. Scientific and techno-
logical archaeology provides new ideas, new methods and
new equipment, weakens the influence of personal subjec-
tive factors in research and gradually makes breakthroughs
and improvements in qualitative and quantitative research
compared with traditional archaeological methods. It can
be predicted that the significance of scientific and techno-
logical archaeology using a variety of modern scientific and
technological ideas and means will become more and more
important in archaeology.

X-ray nano-CT fluoroscopy and fluorescence spectrum
analysis are more mature modern technologies. We can get
a lot of information about the internal structure and ele-
ment content of cultural relics without causing any damage
to cultural relics by using X-ray perspective and fluores-
cence spectrum analysis technology to detect cultural relics.
This technology has been applied in the internal structure

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41204-021-00200-6&domain=pdf

966

Nanotechnology for Environmental Engineering (2022) 7:965-972

detection of cultural relics. Bronze ware is a symbol of
ancient Chinese civilization. Using the above-mentioned
modern science and technology to study the bronzes of the
Shang and Zhou dynasties to obtain intuitive and scientific
evidence is of great significance to the textual research of
its age, origin, production technology, social exchanges and
its protection and restoration.

Technical principle and its application
in archaeology of artifacts

Cathode-ray tubes are still the most practical way to obtain
X-rays of sufficient intensity, that is, bombarding the anode
with high-speed electrons at high voltage since Roentgen
discovered X-rays (Fig. 1). X-ray can penetrate matter, and
the energy attenuates in the process of penetration. Its pen-
etration ability and the degree of absorption by the mate-
rial are related to the attenuation coefficient i, uniformity
E and thickness h of the material. As a consequence, the
amount of radiation reaching the screen or X-ray film after

Fig. 1 The generation principle

penetrating the material is different, forming images with
a different black and white contrast (Fig. 2). The current
preservation and detailed features of each cultural relic are
unique. According to the X-ray film of the cultural relic, a
lot of valuable information can be read and deduced, such
as the degree of damage to the objects, subcutaneous corro-
sion, internal structure technology, rust covered patterns and
inscriptions and restoration status. In addition, this impor-
tant information that we cannot see with the naked eye can
help us to see some technical, artistic and historical features.
In addition, the nondestructive detection of X-ray fluoros-
copy is particularly important for the research and protection
of cultural relics.

The inner electrons resonantly absorb the radiated energy
of rays and make a transition, leaving a vacancy, and the
outer electrons in the high-energy state transition to the
electron vacancies in the inner layer and release the excess
energy in the form of X-rays when X-ray irradiates matter, if
the energy of X-ray is in the same order of magnitude as the
energy of electrons in the inner layer of matter atoms, which
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is called X-ray fluorescence (XRF). The energy of fluores-
cence is equal to the transition energy between atoms. The
specific electron transition energy of different element atoms
is different, and the wavelength of fluorescence produced by
X-ray irradiation is also different, so the type of elements
contained in the material can be determined according to
the wavelength characteristics; the higher the content of a
certain element, the greater the fluorescence energy inten-
sity, that is, the fluorescence intensity. As a consequence,
the content of the corresponding elements can be calculated.
For example, if the sample contains two elements A and B,
and the content of A is higher, the fluorescence wavelength
of the two is different, and the fluorescence intensity of A
is higher (Fig. 3).

Specifically, the wavelength and atomic number Z con-
form to Moseley's law:

1 — —_
\/; =kZ-S) (1)

where k and S are constants. As long as the wavelength is
measured, Z can be obtained; that is, the type of element can
be determined. The X-ray intensity Ii and the mass percent-
age concentration Ci of the analytical element satisfy if the
element is the same as the experimental condition:
KC; .
I=—({=1,2,3,A) )
m

Kis a constant, which is related to the incident ray intensity I
and the mass absorption coefficient of the analytical element
to the incident ray. Besides, m is the total mass absorption
coefficient of the sample to X-ray and X-ray fluorescence.
Under certain conditions (such as uniform composition of
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Fig.3 The diagram of X-ray fluorescence analysis

samples and no mutual excitation between elements), there
is a linear relationship between Ii and Ci. As a consequence,
the corresponding element content can be calculated from
X-ray intensity. Because of the simple sample prepara-
tion, convenient operation, many measurable elements, fast
analysis speed, high precision and no damage to the tested
objects, XRF analysis technology is becoming more and
more popular in scientific and archaeological work, which
is often used to determine the composition of cultural relics,
identify authenticity and dating, and so on. The time—space
framework is the basis of archaeology. Dating provides a
timescale for cultural relics, while the origin of cultural rel-
ics and mineral sources provides spatial coordinates. The
composition of cultural relics has a certain relationship with
the time and place of production. XRF technology to deter-
mine the composition of cultural relics and the establish-
ment of a database for cluster analysis, combined with other
circumstantial evidence, can deduce the origin and mineral
sources of cultural relics and provide a valuable basis for
further textual research of the social history at that time.

Experimental results

Some bronzes of Shang and Zhou dynasties (Hunan col-
lection) are detected and analyzed by using the above two
methods. Moreover, a bronze chime with three sheep pat-
terns of the Shang Dynasty (Figs. 4, 5, 6, 7, No. 1) and a
bronze chime (Figs. 8, 9, No. 2) are taken as examples to
explain the embodiment of the above methods in the textual
research of ancient artifacts, and the test results are used
to assist the textual research of the analytical objects. The
No. 1 bronze cymbal with three sheep patterns is proved to
be a late Shang artifact and should be a cooker. The whole
instrument is 22.8 cm high, 14.7 cm in caliber and 1.12 kg
in weight and double ears, neck, crotch, three bags of feet,

Fig.4 The front view of No. 1
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Fig.5 The front view of No. 2

Fig.7 The sampling diagram of No. 1

Fig.8 The sampling diagram of No. 2
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Fig.9 The sampling diagram of No. 2

Fig. 10 The diagram of X-ray fluoroscopy of No. 1

feet nearly columnar [4]. The No. 2 bronze chime is a musi-
cal instrument, which is pig-shaped, with a curled upper
lip, a bristled mane and a short tail, about 52.5 cm long
and 28.8 cm high. The computer X-ray transmission imag-
ing system equipment and the portable X-ray fluorescence
spectrum analyzer are used, respectively, and the two are
sampled as shown in Figs. 6, 7, 8 and 9.

X-ray perspective imaging analysis of objects
See Figs. 10, 11, 12 and 13
X-ray fluorescence Spectral Analysis of utensils

See Tables 1 and 2, Figs. 14 and 15

Result analysis

It can be seen that the three feet of device 1 are shown in
white from the X-ray films of Figs. 10 and 11. Combined
with physical observation, there is no hollow in the cor-
responding position of the three feet in the inner bottom of
the abdomen, and there are no signs of core support on the
feet, so it is inferred that the feet should be solid rather than
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Table 2 The reference table of element content in No. 2
Main elements Copper Tin Lead Iron
Content (%) 87.07 7.69 1.37 2.37
Error +26(%) 0.74 0.11 0.07 0.07

Fig. 11 The diagram of X-ray fluoroscopy of No. 1

Fig. 12 The diagram of X-ray fluoroscopy of No. 2’ s forebody

Fig. 13 The diagram of X-ray fluoroscopy of No. 2’s afterbody

Table 1 The reference table of element content in No. 1

Main elements Copper Tin Lead
Content (%) 73.83 18.70 7.11
Error +26(%) 1.03 0.22 0.11

hollow. There are six white lines in the bottom of the abdo-
men as the model lines and six points, and the objects are
determined to be cast by the model method of clay blocks.
There are large pieces of rust or even holes in the ventral
floor (a large black area), which are repaired by plaster,
epoxy resin and other materials, but are not visible to the
naked eye. There is a gasket near the center of each of the
six fan-shaped areas, which is nearly triangular, square and
so on, which is irregular, and the six gaskets are roughly in
a concentric circle and do not drift, so it can be seen that the
thickness of the medium-sized cavity is precisely controlled
in the casting process; there is a clear boundary between the
gasket and the surrounding matrix, indicating that it does not
melt with the pouring liquid in the casting process. There
are recasting marks near one of the gaskets (the box part of
Fig. 11), and the boundary of the patch is obvious. Care-
ful observation also shows a small bright spot on the wall
(lower right corner of Fig. 10), where there is suspected to
be a high content of lead because of its high absorption to
X-rays (impermeable). On the abdominal bottom of another
object, there are many black dots and bubble-like areas,
which are actually subcutaneous pores or casting shrinkage
holes. Similarly, combined with the X-ray films of Figs. 12
and 13, we can see that the No. 2 artifact is relatively well
preserved, only the head, the front spine, the title edge and
the tail are missing and repaired in the later stage, and the
white protruding decoration and part of the ornamentation
can be seen. It can be seen that there are a large number of
black round or irregular spots on the bristle-shaped mane
and front and back feet, and there are also many spots of dif-
ferent sizes on the head and body. These are stomata (visible
pores and subcutaneous pores) or shrinkage holes produced
in the casting process of utensils. Compared with the No.
1 object, the casting quality of the No. 2 object, especially
the mane and foot, is poor. A crack in the lower jaw is also
clearly visible after being magnified by the X-ray film.

Conclusion and discussion

Almost every area of science has been revolutionized by
our ability to collect two-dimensional images of increas-
ingly fine detail, ranging from radio signals of far-off solar
systems, to high-resolution electron microscopy images by
X-ray nanotomography. It can be seen that the metal com-
position of utensil 1 is mainly copper, tin and lead, which
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Fig. 14 The spectrogram of No. 1’s X-ray fluorescence

is a typical ancient copper—tin—lead ternary bronze alloy
with very small amounts of calcium and silver. It may
be caused by impurities, sample contamination, detection
errors and so on from the test results of Figs. 14, 15 and
Tables 1 and 2. Utensil 2 also belongs to copper—tin—lead
ternary bronze alloy objects, but compared with utensil 1,
the contents of tin and lead are relatively low, while utensil
1 is rich in tin, reaching nearly 20%, the content of lead
is also high, and the content of copper is reduced to less
than 80%. Tin can reduce the residual oxygen content in
the bronze casting solution and improve its flow proper-
ties; especially when the tin content is more than 6-7%,
an eutectoid will be formed in the as-cast structure, thus
significantly improving the strength, hardness, corrosion
and wear resistance [5]. The melting point of the alloy
can be reduced by adding tin at the same time, so that
the temperature condition of casting can be reached more
easily. With regard to the role of lead in bronze alloys,
David A. Scott [6] believes that lead can reduce the melt-
ing point of the alloy. He Tangkun [7], Qin Ying [8] and
other scholars believe that lead can improve the fluidity,
formability, machinability and reduce the cost of the alloy.
In fact, there is no solid solution relationship between lead
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and copper or copper—tin alloy in copper—tin—lead ternary
alloy, and intermetallic compounds cannot be formed, but
can only be dispersed in free or separated state, so as to
improve the solidification properties and hinder the coarse
crystal structure to improve the casting properties. Com-
pared with object 2, object 1 has a higher content of lead,
which is more conducive to casting exquisite objects with
fewer defects and delicate and complex patterns. In addi-
tion, it is worth noting that there is a high content of iron
in artifacts 2, and iron was also detected in many objects
tested this time, while China first used iron in the Shang
Dynasty and produced iron smelting in the late Western
Zhou Dynasty [9]. As a consequence, iron may not be
added artificially, but iron was mixed as an impurity and
was closely related to bronze casting at that time. Com-
bined with X-ray fluoroscopy and fluorescence spectrum
technology, it is more determined that this batch of uten-
sils is cast by mud block casting method, and the gaskets
and mud core bracing techniques are widely used, and the
contents of tin and lead are generally higher than those in
the Central Plains. There is no clear correlation between
objects, and the same form of copper—tin—lead ternary
bronze alloy and high alloy copper is likely to come from
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Fig. 15 The spectrogram of No. 1’s X-ray fluorescence

the alloy system with the nature of the times. The Shang
and Zhou Dynasties are the key period for the formation
and development of the system [10]. The tendency of
detection and analysis in this paper support this conclu-
sion. It can be seen that during this period, craftsmen have
mastered the methods and laws of the use of copper, tin
and lead alloys summed up a set of scientific bronze alloy
system [11, 12] and knew how to use different alloy ratios
on utensils with different functions, as far as possible to
achieve the most beneficial factors such as device manu-
facturing, performance and economy.
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