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Abstract

In this paper, X-ray diffraction spectroscopy (XRD), Raman spectroscopy (RS), firing temperature analysis, pore size
distribution analysis, Fourier infrared spectroscopy (FTIR), scanning electron microscopy-energy dispersive spectros-
copy (SEM-EDS), and transmission electron microscopy (TEM) were utilized to analyze the unearthed vulnerable
terracotta figures of Emperor Qin Shihuang's Terracotta Army, as well as the unknown precipitated white crystals and
black substances. The results show that the firing temperature of the vulnerable terracotta figure is much lower than
those of similar terracotta figures and red terracotta figures with good texture. The pore size of this kind of vulnerable
pottery is smaller and the specific surface area is larger. In the pores, there is an alkaline solution containing Ca** that
accounted for approximately 4.3% of the total mass of the sample. Along with the fracture of the delicate pottery
matrix, the solution in the pores migrated to the fracture surface and chemically reacted with CO, in the air, generat-
ing a layer of white calcium carbonate crust. The black matter on the fracture surface of the vulnerable terracotta
figure is mainly composed of amorphous carbon and graphitized carbon, which shows high activity under the cataly-
sis of Fe and Ti elements and alkaline soil. The discovery and analysis of amorphous carbon, graphitized carbon, and
white calcium carbonate crystals on the fracture surface of the Qin Shihuang's Terracotta Army provide a theoretical
foundation for in-depth analysis of the terracotta warriors and horses’ composition and structure, as well as scientific
protection and restoration, and the stability of the original site display.

Keywords: Emperor Qin Shihuang’s Terracotta Army, Vulnerable terracotta figures, Calcium carbonate, Amorphous
carbon, Graphitized carbon

Introduction

Terracotta Army in the Mausoleum of Emperor Qin
Shihuang, the first emperor in Chinese history, serves
as one of the important funerary objects. It is known as
"the eighth wonder of the world", "one of the greatest
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discoveries in twentieth-century archaeological his-
tory", "the spiritual symbol of Chinese civilization" and
so on. The Terracotta Army consists of more than 8000
terracotta warriors and horses made of clay and other
ingredients, with various expressions and postures. It is
the crystallization of the wisdom of the ancient Chinese
people. It has also been an essential material for study-
ing ancient politics, military, and culture because of its
exquisite sculptures, large number, artistic attractiveness,
and complete armaments (containing infantry, cavalry,
crossbow, chariot, and commander). These well-pre-
served and lifelike terracotta sculptures demonstrate the
development of pottery production techniques, exquisite
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carving technology, and superb aesthetic capacity in the
Qin Dynasty. It is fair to say that they are precious and
extraordinary Chinese historical and cultural treasure
troves with inestimable value.

At present, the Chinese archaeological team has con-
ducted intermittent excavations of the terracotta warriors
and horses. When repairing the cultural relics unearthed
in the 23th excavation site (Fig. 1), one kind of unearthed
pottery was found extremely vulnerable (Fig. 2a). The
bodies were prone to fracture and crisp powder, which
increased the difficulty of protection and repair. During
the routine cleaning, cultural relics protection workers
found that white crystals kept growing on the broken
surfaces of these easily cracked pottery sculptures and
would grow again after simple removal. Meanwhile, these
white crystals were always attached to another type of
black matter (Fig. 2b and c). Eight vulnerable terracotta
figures have been discovered among the more than 120
cultural relics have been restored. Previous archaeologi-
cal studies have not discovered these newly produced
white crystals and black matter.

In recent years, the research on Emperor Qin Shi-
huang’s Terracotta Army focused primarily on the
chemical components of the matrix raw materials and
processing [1-9], surface microorganisms [10-12],
pigment and bonding materials of the painted layer
[13-19] of the terracotta pottery by using optical
microscopy, palynological analysis, neutron activation
technique, rare earth elements analysis, immunofluo-
rescence microscopy, matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry, and gas
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chromatography-mass spectrometer. However, there
have been few reports on this kind of pottery with new
substances constantly formed on the surface that is
prone to fracture. In this paper, X-ray diffraction spec-
trometry, firing temperature analysis, scanning electron
microscopy-energy energy dispersive spectrometry, pore
size distribution analysis, Fourier infrared spectrometry,
Raman spectrometry, and transmission electron spec-
trometry were utilized to analyze and speculate the com-
ponents and sources of white crystals and black matter
by comparing the performance differences between vul-
nerable pottery and selected pottery with good texture.
The purpose of this study is to provide a scientific foun-
dation for the preservation and restoration of the vulner-
able terracotta warriors and horses, as well as the stability
of the original site presentation.

Experimental

Sample selection

One fragment, numbered QY-1, was taken from the vul-
nerable terracotta sculptures, with white crystals and
black substances on the surface. This type of vulnerable
pottery is dark gray and was fired in a reducing atmos-
phere [20]. Grey terracotta figure fragments (No. QY-2,
QY-3) and red terracotta figure fragments (No. QY-4,
QY-5, QY-6) with good texture were selected for com-
parative study. The excavation locations of these frag-
ments were near the excavation location of QY-1. There
was no matter precipitation on the surface of the terra-
cotta figure fragments with good texture. All the sam-
ples lost their use function and can no longer be used

o

| || Archaeological excavation site

The second excavation area

Fig. 1 Distribution of the vulnerable terracotta figures in the excavation pit 1 (in red box)
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Fig. 2 The vulnerable terracotta figures and substances on them: a A vulnerable terracotta figure in Pit 1 restoration area; b white crystals on the
fracture surface; ¢ black substances on the fracture surface

for splicing. The compressive strength of QY-1 tested by
universal testing machine is 13.2 MPa, but the compres-
sive strength of other samples ranges from 28.8 MPa to
75.7 MPa. As illustrated in Fig. 3, the internal morphol-
ogies of various types of pottery bodies were examined
using an ultra-deep field microscope.

Experimental methods and detection techniques
Microscopic morphology analysis

The Japanese KEYENCE VHX-2000 ultra-depth-of-field
microscope was used to observe the micro-morphology
of the pottery matrix. The instrument has 54 million pix-
els. Compared with the traditional optical microscope, it
can realize more than 20 times the depth of field obser-
vation, focus on the sample surface with large concave—
convex, and test the morphological changes of the sample
surface.

The Japanese JEOL JSM-6700F scanning electron
microscope-energy spectrometer was used to test the
pottery samples, which were polished and plated with
gold by an ion sputtering instrument. The microstructure
of the vulnerable pottery sample was observed by scan-
ning electron microscope, and the related components
were determined by an energy spectrometer.

The microstructure and composition of black matter on
the surface of the vulnerable pottery sample were meas-
ured by the American FEI Tecnai G2 F20 field emission
transmission electron microscope. The acceleration volt-
age was 200 kV, and the resolution of the stem (HAADF)
was 0.19 nm.

Composition and structure analysis

Composition elements of pottery samples were analyzed
by German BRUKERM4 TORNADO" Y micro-region
X-ray fluorescence imaging spectrometer. The instru-
ment can detect all elements between C (6)—Am (95). Its
acquisition speed is fast and the detection efficiency is
high. The scanning speed was 1.3 mm/s, and the maxi-
mum pulse of the detector was 275,000 cps. The instru-
ment voltage was set to 50 kV and the current was set to
599 pA.

The German BRUKER D8 ADVANCE high-resolution
powder X-ray diffractometer was used to test the com-
position and structure of pottery samples and white crys-
tals. X-ray generator: Cu target, power 3 kW, pottery light
tube; Scanning mode: 6—6 Goniometer; Detector: LYNX-
EYE array detector (angular resolution 0.037°, diffraction
intensity up to 10%cps). The test range of 26 was 5° ~ 80°.
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Fig. 3 Internal morphologies of various types of pottery bodies: a QY-1; b QY-2; c QY-3; d QY-4; e QY-5; f QY-6

The composition and structure of black substances
on the surface of the vulnerable pottery were meas-
ured by the French HORIBA XploRA ONE micro-
Raman spectrometer. The 532 nm wavelength laser was
selected as the excitation light source, and the objec-
tive lens was 50 times; the spectral detection range was
set to 100 ~2000 cm™ %, and the spectral resolution was
0.6 cm™,

The black matter composition of the vulnerable pot-
tery sample was tested by the American THERMO
SCIENTIFIC NICOLET IS 50 Fourier infrared
spectrometer. The spectral detection range was
500~4000 cm™!, the spectral resolution was better
than 0.09 cm™!, and the wavenumber accuracy was bet-
ter than 0.01 cm™.

The American THERMO FISHER SCIENTIFIC™
DIONEX"™ ICS-6000 HPIC™ system was used to test the
types and concentration of soluble salt ions contained in
the solution. The anion chromatographic column AS11-
HC had a column length of 250 mm and a column diame-
ter of 4 mm. The eluent was 15 mM KOH with a flow rate
of 1.0 mL/min. The Cationic chromatographic column
CS12A had a column length of 250 mm and a column
diameter of 4 mm. The eluent was 20 mM MAS with a

flow rate of 1.0 mL/min. The chromatographic column
was controlled at 30 °C.

Thermal analysis

The American TA DIL806 optical thermal dilatometer
was used to test the firing temperatures of the pottery.
A 20 mm * 5 mm * 5 mm ceramic block was cut from
each sample for testing. The heating temperature range
of the instrument was RT ~ 1400 °C, and the resolution
was 50 nm and 0.1 °C. The size change of the sample was
examined by measuring the shadow of the sample on the
CCD detector through the shadow light method.

The thermogravimetric analysis of pottery samples
was performed by using a German NETZSCH STA449C
thermal analyzer. Under the test conditions, the nitrogen
atmosphere was controlled, the temperature distribu-
tion was 25~ 1000 °C, and the temperature was heated at
10 °C/min.

Physical structure analysis

According to the ISO 15901-1:2005 "Pore size distribu-
tion and porosity of solid materials by mercury porosim-
etry and gas adsorption—Part 1: Mercury porosimetry”
[21], the American Quantachrome Poremaster GT-60
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Table 1 Major chemical composition elements of pottery samples (wt %)
Na,O MgO AlLO, sio, K,0 Ca0 Tio, MnO Fe,0,
QY-1 0.96 2.66 19.56 5833 4.44 1.82 091 0.18 10.32
Qv-2 1.1 215 1743 60.97 434 212 0.95 017 10.35
QY-3 1.08 2.09 17.67 61.73 4.82 1.64 091 0.16 9.52
Qy-4 140 1.82 16.34 63.25 4.30 1.95 092 0.16 942
QY-5 1.26 215 17.96 60.92 449 1.79 093 017 10.02
QY-6 146 197 17.01 62.85 457 2.19 0.94 0.16 8.58
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Fig. 4 Carbon contents of samples

automatic mercury porosimeter (MIP) was used to test
the pore size distribution ranges and physical properties
of different pottery samples, with a low-pressure range of
1.5~350 kPa and a high-pressure range of 140 ~ 420 MPa.
The size of the ceramic samples was 10 mm * 10 mm *
10 mm.

Results and discussion

Pottery sample performance analysis

X-ray fluorescence spectrum analysis and X-ray diffrac-
tion spectrum analysis show that there is little difference
in composition between the vulnerable pottery and pot-
tery with good texture. The main composition elements
include sodium, magnesium, aluminum, silicon, potas-
sium, calcium, titanium, manganese, and iron as deter-
mined by the XRF test (Table 1). The carbon content of
the QY-1 sample is relatively higher than others (Fig. 4).
Super light element micro-region X-ray fluorescence
imaging spectrometer as a good detection and analysis
method can distinguish the difference of carbon elements
in the samples. Besides, the matrix composition of these
samples is roughly the same, mainly including quartz,
feldspar, muscovite, microcline, and other minerals. Spe-
cifically, XRD spectrums of QY-1 and QY-2 as represent-
atives are shown in Fig. 5.

2-Theta(°)

Fig.5 XRD spectrums of samples. Q-quartz, A-albite, Mi-microcline,
and Mu-muscovite

1100

-
o
=3
1=
T
——
—-—
———

Temperature ('C)
g

@
=3
o
T
——

Qv1 QY2 QYy-3 QY4 QY5 QY6 QY7
Serial number
Fig. 6 Firing temperatures of samples (£ 20 °C)

The firing temperature values of pottery sam-
ples measured by the optical thermal dilatometer are
shown in Fig. 6. The results indicate that the firing
temperature of the vulnerable pottery sample QY-1 is
lower, about 800 & 20 °C, while the firing temperature
of other samples is between 930 °C and 1070 °C. The
most probable pore diameters of the vulnerable pot-
tery sample QY-1 were measured by mercury poro-
simeter, which are mainly distributed at 0.02 pm and
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Fig. 7 Pore size distribution curves of samples

Table 2 Porosity, permeability and specific surface area of
pottery samples

Porosity (%) Permeability (nm) Specific
surface area
(m%g)
Qv-1 2356 7.2067e™* 15,6574
Qv-2 3532 5632772 3.6214
QY-3 30.97 2.2650e 4.5086
Q-4 29.77 9.8372¢72 64477
QY-5 3259 6.066e~? 2.9949
Qv-6 3297 70112e~2 2.8765

0.16 pm. The most probable pore diameters of other
samples are respectively 0.54 um, 0.54 pm, 0.58 pm,
0.86 um and 1.30 pm (Fig. 7). Based on the values of
physical properties of pottery samples in Table 2, the
overall comparisons reveal that the firing temperature
of vulnerable pottery is lower, the pores are smaller,
and the total pore specific surface area is larger.
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Substances on the surface of the vulnerable pottery
Different from other samples, the black substances and
white precipitated crystals on the fracture surface were
analyzed by Raman spectrometer, scanning electron
microscope-energy spectrometer, X-ray diffractometer,
and transmission electron microscope, and the precipita-
tion cause was speculated.

Analysis of black matter

The fracture surface of the vulnerable terracotta figure
is unevenly distributed with black substances (Fig. 8).
Raman spectrum analysis shows that the black matter has
a D peak near 1350 cm™! and a G peak near 1593 cm™!
(Fig. 9). It is generally accepted that the D peak and G
peak appear in graphitized carbon materials. D peak
reflects the respiratory vibration of sp2 hybrid carbon
in the ring lattice, while g peak reflects the symmetrical
stretching vibration of sp2 hybrid carbon lattice in the
carbon ring or carbon chain [22]. The ratio of D peak
intensity to G peak intensity ID/IG (value R) can be used
to characterize the defect degree of graphitized carbon
materials [23]. The greater the ratio is, the greater the
disorder degree and defect degree of graphitized car-
bon materials. It can be seen from the comparison that
the value R of the black matter is 0.89, indicating that the
black graphitized carbon matter has a large degree of dis-
order and is rich in defects.

Moreover, it is analyzed by Fourier infrared spec-
troscopy that there are organic functional groups in
the black matter. In Fig. 10, there is an infrared absorp-
tion peak of wide blunt spectrum peak —OH with a
wavenumber of 3700~2500 cm™'. At 1680 cm™! and
1870 cm™%, it may be the C=0 stretching vibration peak

Fig. 8 Uneven black substances on the surface: a more black substances; b fewer black substances
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Fig. 10 Infrared spectrum of black matter

of oxygen-containing functional groups such as carboxyl,
carbonyl, or ester groups. And it is the C-O stretching
vibration peak at 1450 cm ™! and 1200 cm™!. 1290 cm™!
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is the C-H bending vibration peak of olefins. There
are C—H deformation vibration peaks at 950 cm™' and
810 cm ™, as well as Si—O stretching vibration peaks at
1068 cm™, 756 cm™!, and 702 cm™!. The existence of
oxygen-containing functional groups such as —OH and
C-0O on the sample surface is helpful to produce more
oxygen vacancy defects in the material structure and
make the matter have better catalytic performance.

The test results of scanning electron micromorphology
in Fig. 11 and transmission electron micromorphology in
Fig. 12 show that the black matter is distributed in layers,
curls, and folds, and there are nano-scale pore structures
of 50~100 nm on the surface, mainly composed of ele-
ments such as C, Al, Si, and Fe with high concentration.
The distribution of C is mainly amorphous carbon and
lattice striped graphitized carbon. Amorphous carbon’s
layered structure is disorderly and irregular, and the crys-
tal formation is defective. Graphitized carbon forms a
stacked multilayer structure, which is thin and presents
a transparent tulle-like morphology. In general, the black
graphitized carbon material on the surface of the terra-
cotta figure section has a flower-like three-dimensional
structure with layered curling and folding, and has the
structural characteristics of graphene, which can not only
restrain the collapse of graphitized carbon structure, but
also increase the specific surface area of graphitized car-
bon material; the large specific surface area is conducive
to increasing the contact between graphitized sheets and
the outside, and further accelerate the reaction rate of
the oxygen reduction reaction. Graphitized carbon main-
tains high catalytic activity and will further form the gra-
phitized sheet due to the transition metal elements such
as iron and titanium from the matrix itself and the soil,
and the alkaline environment of the soil [24, 25].

The formation of black amorphous carbon and gra-
phitized carbon on the section surface of the vulnerable

Fig. 11 SEM images of black matter: a formation process; b surface
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Fig. 12 TEM images of black matter in different areas (a-c)

pottery is speculated to be related to carburization. The
internal carbon of the sample content is high due to the
burning in reducing atmosphere or secondary incinera-
tion [26]. The vulnerable sample has a high carbon con-
tent. From the SEM-EDS results in Fig. 13, it can be
seen that the carbon content in the non-black area on
the surface layer and the sample interior respectively
accounts for 7.63% and 8.44% of the total elements.

Analysis of white crystals

Scanning electron microscope-energy spectrometer and
X-ray diffractometer were used to examine the white
crystals precipitated from the vulnerable pottery sample
QY-1 (Figs. 14, 15, and 16). It is determined that the main
component is calcium carbonate. A salt crust with cracks
is formed on the surface of the matrix. The content of
Ca, C, and O respectively account for 31.7%, 7.57%, and

Fig. 13 SEM-EDS results of the sample: a non-black area on the surface layer; b non-black area inside
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Fig. 15 XRD spectrum of white crystals

68.26% of total elements. In addition, there is also a small
amount of Na, Mg, Al, Si, and Fe elements. Some Chinese
efflorescent ceramics were examined and there were cal-
cium carbonate crystals as efflorescent products [27]. It is
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reasonable to infer the existence of calcium carbonate in
the terracotta warriors.

A small part of the QY-1 was broken off by hands to
monitor the formation of salt crystals on the sample, and
the change of the fresh exposed surface was recorded in
an atmosphere with temperature of 25 °C and RH of 60%.
Figure 17a shows the fresh surface, while Fig. 17b shows
the exposed surface after the sample has been placed for
25 days. White salt crystals grew on the new surface that
was exposed to air.

The pH meter, ion chromatograph, and thermal ana-
lyzer were used to analyze the solution pH, soluble salt
ions and their contents contained in the vulnerable sam-
ple and to further determine the precipitation cause of
white calcium carbonate crystals. Besides, the soils (num-
bered as soil 1, soil 2, and soil 3) at different locations in
the cultural relic burial site were selected for analysis.
The results show that the buried site soil and sample con-
tained alkaline solution with a pH value of 8.0 ~8.5, and
the contents of Ca*" were high (Table 3).

In order to assess the storage state of alkaline solution
with high Ca*" content in the vulnerable pottery, ther-
mogravimetric analysis and comparison (Fig. 18) were
utilized, indicating that there was a significant weight loss
change in vulnerable sample QY-1 at 25~ 110 °C, and the
lost mass accounted for about 4.3% of the total weight. It
can be determined that the mass loss was due to a change
in the contained solution in the sample.

Underground porous pottery contained a salt solu-
tion, and serious diseases may occur when the pottery
was exposed to the air after excavation. Since the pores
of the vulnerable pottery sample contained approxi-
mately 4.3% of the total weight of the sample contain-
ing Ca’" alkaline solution, it is speculated that after
the fracture of the vulnerable pottery sample, these

Fig. 16 Microstructure and composition analysis of white crystals: a cracked crust structure; b energy spectrum
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Fig. 17 Newly-growth of white crystals on the fresh exposed surface of QY-1 a fresh surface; b the surface exposed to air after 25 days

Table 3 Soluble saltions of sample solution (mg/g)

Na* K+ Mg** Ca?t a- S0,>~ NO,~
Soil 1 - 0.1246 00486 1.4602 00799 00903 -
Soil 2 - 0.0594 00079 1.9320 00931 04546 03878
Soil 3 - 0.0861 00265 1.1002 00298 0.2289 -
QY-1 0.0633 0.0055 0.0090 00722 0.0398 0.1209 0.0274

Weight(%)

921l ava

= QY5
[ — -Qv-6

1 L 1 L
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TrE)

Fig. 18 Comparison of thermogravimetric curves of samples

solutions stored in the fine and dense inner pores of
the pottery will continue to migrate to the fracture
surface and crystallize under the action of air CO,,
forming a calcium carbonate crust.

Furthermore, the black matter which is mainly com-
posed of amorphous carbon and graphitized carbon
has excellent CO, adsorption due to the presence of
nano-pores on its surface [28—30]. This structure will
promote the combination of solution with CO, and

further speed the precipitation of white calcium car-
bonate crystals.

Conclusion

By comparing the composition, firing temperature,
pore size distribution, and some physical properties
of the vulnerable pottery fragment and pottery frag-
ments with good texture of Emperor Qin Shihuang’s
Terracotta Army, as well as the comprehensive analy-
sis of precipitated white crystals and black substances
on the fracture surface, the main research results are as
follows:

1) Compared with the pottery samples with good tex-
ture, the vulnerable sample QY-1 has a lower firing
temperature, smaller pores, and larger total pore spe-
cific surface area. A large amount of alkaline adsorp-
tion solution containing Ca®* was stored in the pores
of the vulnerable sample. After the fracture of the
matrix, the surface layer was exposed to the atmos-
pheric environment to easily form white calcium car-
bonate crystals.

2) The black matter on the fracture surface is mainly
composed of amorphous carbon and graphitized car-
bon. Graphitized carbon has a stable three-dimen-
sional structure and electrical conductivity, and it
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maintains strong catalytic activity in the presence of
Fe and Ti components, and under alkaline soil condi-
tions. Graphitized sheets will be further formed and
the area will continue to increase.

It is speculated that the accumulation of more white
calcium carbonate crystals on the surface of black
carbon matter is related to its excellent CO, adsorp-
tion due to its nanometer pore structure. This struc-
ture will further promote the combination of pore
solution and CO, and accelerate the precipitation of
white calcium carbonate crystals.

3

=

The discovery and analysis of white calcium carbonate
crystals, black graphitized carbon, and adsorbed alkaline
solution in the vulnerable pottery of Emperor Qin Shi-
huang’s Terracotta Army provide a scientific foundation for
further restoration and protection of the cultural relics, as
well as the safety and stability of the original site display.
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