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Abstract: This paper examines two pieces of Ru porcelain glaze excavated from the Qingliangsi kiln
site. Compared with the R1 glaze, the R2 glaze was fired at a lower temperature and cooled at a
slower rate. The chemical composition, microstructure, and corrosion mechanisms of the two glazes
were analyzed by optical microscopy (OM), scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS), micro-Raman spectroscopy, transmission electron microscopy (TEM), and
X-ray diffraction (XRD). The results show that the corrosion morphology of R1 glaze is mainly
the dissolution of a three-dimensionally interconnected calcium (Ca)-rich phase around anorthite,
and that of R2 glaze is mainly the dissolution of small droplets distributed in rows, including
the dissolution of needle-like wollastonite precipitated by droplet aggregation. In addition, the
dissolution of the glass phase and wollastonite crystals forms many white corrosion pits, and the
physical and chemical interaction between the corroded glaze and the soil results in the deposition of
contaminants that alters the color and texture of the glaze.
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1. Introduction

Ru porcelain originated in Northern Song Dynasty (960-1127 A.D.) China, and there
are only approximately 70 intact pieces of Ru porcelain in museum collections world-
wide [1], making Ru kiln porcelain very valuable. The glaze of Ru celadon is warm and
moist, similar to jade, simple and elegant. The ruling class and feudal literati in the Song Dy-
nasty followed Cheng-Zhu Neo-Confucianism and pursued the simple and unadorned, so
it was much loved by the royal family of the Northern Song Dynasty. Due to the very small
number of surviving examples, Ru porcelain had become very rare in the Southern Song
Dynasty (1127-1279 A.D.) and was listed as the first of the five most famous porcelains of
the Chinese Song Dynasty [2—4]. In the 1930s, Chinese ceramics experts began to search for
Ru kiln sites. At the end of the 20th century, archaeologists drilled and excavated a kiln site
(Zone 1IV) at Qingliangsi in Baofeng, Henan Province, China, and determined the location
and extent of the production area of Ru porcelain that supplied the imperial family in the
Song Dynasty [5,6]. The archaeological excavation of the Qingliangsi kiln site unearthed
a large number of Ru porcelain fragments, providing further examples for the study of
imperial Ru porcelain. After decades of research by ceramists, there is now a relatively
in-depth understanding of the chemical composition, microstructure, firing temperature
and coloring mechanism of Ru celadon [7-16]. According to visual observation, most of
the excavated celadons had the phenomenon of “earth erosion” on the glaze surface [6,17].
These spots greatly affected the texture of the glaze (Figure 1).
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Figure 1. (a) Handed-down intacct Ru ware collected in the Palace Museum, China [18]; (b) Ru ware

excavated at Qingliangsi kiln site (Zone IV), with severe glaze corrosion [6].

The corrosion of glazes is a complicated process because the surface is often composed
of a glassy phase and one or more different crystalline phases. Ru porcelain glazes mainly
contain anorthite crystals and phase-separated glass, as reported in the literature [11].
He et al. [19] analyzed three pieces of Ru porcelain glazes and found that the Ca-rich
phase in the glass is preferentially degraded compared to the homogeneous glass, and
the degradation of the glass leads to the loss of anorthite in the glaze. Corrosion of Ru
porcelain glazes can be similar to that of silicate glass, with ion exchange of alkali ions by
hydrogen ions in acidic environments and destruction of the network structure of glass by
hydroxyl attack in alkaline environments. Shi et al. [20] found Si-OH bonds on the glaze
of Ru porcelain, indicating that the Si-OR and Si-O-Si in the glaze had been destroyed.
Recently, homogeneous glass erosion was found on the surface of the black glaze of Jian
and Tushan kilns in the Song Dynasty in China, and the etched glaze produced a Si-rich
hydrate layer [21,22].

In addition to the corrosion of glass in glaze, the corrosion of crystals in glaze and its
interface is also worthy of attention. The crystal corrosion resistance of different components
in glass or ceramic glazes has been evaluated in many studies [23-27]. Wollastonite crystals
in glazes are very susceptible to erosion in acidic and weakly alkaline environments, while
diopside, corundum, and quartz crystals are more resistant to corrosion, and there is no
interfacial corrosion around these crystals. Feldspar crystals also have high corrosion
resistance, but the interfacial layer around these crystals is susceptible to corrosion in the
most acidic and alkaline environments. Back in the early 21st century, Zhang et al. [15]
suggested the presence of anorthite crystals and incompletely melted limestone on the glaze
surface of Ru porcelain excavated from the Qingliangsi kiln site, which reacted with sulfuric
acid to form calcium sulfate and damage the glaze. Recently, Li et al. [28] discovered the
degradation of dendritic and columnar wollastonite crystals in the glaze of Song dynasty
Jun porcelain.

Glazes with similar formulations can have different microstructures due to differences
in firing temperature, atmosphere, and holding time [29]. This can lead to variations in
corrosion morphologies and mechanisms. At present, there is a need to expand the analysis
of Ru porcelain samples, as the number of samples for Ru porcelain corrosion studies is
still relatively small, and the corrosion of separated phase glass may not represent the type
of corrosion of Ru porcelain glazes. In this paper, two pieces of Ru porcelain with different
appearances excavated from the Qingliangsi kiln site (Area IV) in Baofeng were selected for
the study. The aim was to determine the different corrosion phenomena and mechanisms
of Ru porcelain due to the differences in microstructure and provide more information
for the conservation of Ru porcelain. Furthermore, the interaction between archaeological
artifacts and the environment will provide insight into long-term corrosion studies of
modern silicate materials, as Ru porcelain has been buried in natural soil environments for
nearly a millennium.
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2. Materials and Methods
2.1. Samples

The debris samples were taken from the Qingliangsi kiln site (Zone IV); the archaeo-
logical number is BQIVT24(2), and the experimental numbers are R1 and R2. Photographs
of the samples are shown in Figure 2. The body color of R1 is blue-gray, and the body
quality is dense. The glaze color is sky-blue; the inner glaze is covered with ring-shaped
white pits, and the outer glaze is well preserved. The body color of R2 is blue-gray, and the
body quality is slightly looser than that of R1. The glaze color is sky-blue; the inner and
outer glaze surfaces have white spots, and the outer glaze surface is partially covered with
yellowish-brown soil rust.
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Figure 2. Digital photos of Ru porcelain samples.

2.2. Analytical Techniques

Optical microscopy (OM): The macroscale morphology of the glaze surfaces and
polished cross-sections was observed using an ultra-depth 3D microscope (VHX-6000,
Keyence, Osaka, Japan).

X-ray diffraction (XRD): The crystal phases of the glaze were determined by XRD
(XRD-TERRA 1I, Olympus, Center Valley, PA, USA) with Co radiation (30 kV) and 26
ranging from 5° to 55°. The glaze was ground to powder in an agate mortar (particle size
D <150 um) and then filled into the sample chamber (sample mass ~10 mg).

Scanning Electron Microscopy-Energy Dispersive X-ray Spectrometry (SEM-EDS):
The micromorphology and chemical composition of the micro-areas were characterized
by SEM (Quattro ESEM, Thermo Fisher Scientific, Waltham, MA, USA) with an EDS X-ray
spectrometer (QUANTAX EDS, Bruker, Billerica, MA, USA). The analyses were carried
out in a low vacuum environment (60 Pa) with an operating voltage of 15 kV and element
acquisition at a working distance of 10 mm for 30 s, with P/B-ZAF for stoichiometric
quantification. To observe the cross-sectional microstructure of the sample, small pieces of
approximately 1 cm? were cut from the edges of the sample using a diamond saw blade,
embedded in epoxy resin and later polished using SiC sandpaper and diamond polishing
paste (3 pm, 1 pm).

Micro-Raman: The phase components of the glaze were characterized using laser
microconfocal Raman spectroscopy (Renishaw inVia, London, UK). It was equipped with a
research-grade Leica microscope with a spatial resolution of <0.5 um. The optical lenses
were 50 x and 100X, and the laser wavelength was 532 nm. The baseline was subtracted
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using WIRE software, the Raman spectrum of the glaze was deconvolved using Origin
software and the curve was fitted with a Gaussian function.

Transmission Electron Microscopy (TEM): The TEM image and selected area electron
diffraction (SAED) were taken in a Cs-corrected environmental transmission electron
microscope. (Titan ETEM G2, FEI, Hillsboro, OR, USA) at 300 kV. Elemental distribution
analysis was carried out by energy-dispersive X-ray spectroscopy (EDS, Oxford instruments,
Oxford, UK) combined with STEM. The sample was prepared for TEM by ion milling with
3.2 to 4.5 keV Ar* ions for a few hours after mechanical thinning.

Handheld spectrophotometer (Ci64, X-rite, Grandville, MI, USA), measuring aperture
4 mm.

3. Results and Discussion
3.1. Analysis of the Pristine Glaze
3.1.1. Chemical Composition of the Body and Glaze

The chemical compositions of R1 and R2 Ru glazes are shown in Table 1, and the
component contents were calculated in the oxide mode. The content of Al;O3 in the body
was ~28 Wt%, and the content of 5iO; was ~60 Wt%, which had the characteristics of high
aluminum and low silicon of the northern China porcelain body. The glaze contained
high levels of MgO (~2 Wt%) and P05 (~0.4 Wt%), indicating that a certain amount
of plant ash was added to the Ru celadon glaze as a flux. The discriminant coefficients
b (RO/(RO + Ry0)) of the glazes (R1 and R2) were calculated [30], and the b values of the
glazes were greater than 0.76, indicating that R1 and R2 belong to the calcium glaze.

Table 1. Chemical composition of Ru porcelain glaze (Wt%).

NaZO MgO A1203 SiOZ P205 Kzo CaO Ti02 MnO Fe203 b
al R1 0.8 22 16.4 59.5 0.4 3.2 15.2 0.2 0.1 1.9 0.88
aze R2 0.5 20 16.3 60.3 0.4 3.6 14.7 0.2 0.2 1.9 0.87
Bod R1 0.2 0.6 29.1 64.2 - 13 14 1.2 - 2.0 -
y R2 0.2 0.7 27.3 65.7 - 15 1.6 1.2 - 1.9 -

3.1.2. Microstructure and Physicochemical Foundation

The pore diameter, the thickness of the glaze and the thickness of the interlayer
between the body and the glaze of R1 and R2 were measured by optical microscopy. The
photographs are shown in Figure 3 and the test data are given in Table S1. Compared to
R2, the body and glaze of R1 had larger pore diameters and thicker glaze layers. There
was a white interlayer between the body and the glaze, which was the reaction layer of
mutual diffusion between the glaze and the body. The R1 interlayer was thick with many
pores between it and the glaze. The R2 interlayer was relatively thin and closely bonded to
the glaze. It was therefore assumed that R1 had a higher firing temperature and shorter
holding and annealing times, while R2 had a lower firing temperature and longer holding
and annealing times.

SEM images showed that a large number of short columnar crystals with a length of
2-5 um were distributed in the glaze (Figure 4a). The EDS test showed that the contents of
Ca, Al and Si in the columnar crystals were relatively high (Table 2, EDS 1), and the Raman
analysis showed that they were anorthite (Figure 5b). In the ternary phase diagram of 5iO,-
Al,O3-CaO (Figure 5), the chemical composition of R1 and R2 glazes was concentrated in
the primary crystalline region of anorthite, which resulted in them having a great tendency
to crystallize, with several possibilities of nucleation interfaces, including the air/glaze
surface interface, body/glaze interface, quartz particles or other inclusions/liquid interface,
and the air/liquid interface provided by bubbles and cracks. In particular, the glaze
formulation also contained agate [2,7]. Compared to quartz, its complex composition, small
grain size, large surface area and many internal structural defects were more conducive to
the nucleation and crystallization of anorthite [31].
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Figure 4. SEM images of the polished cross-section of R1 (a,c,d): (c) is the phase separation structure
away from the anorthite; (d) is the phase separation structure near the anorthite. The upper right
corner is the two-dimensional fast Fourier transformation (2D-FFT) diagram of the phase separation
structure. Raman spectrum of the cross-section of Rlglaze (b).

Table 2. EDS analysis results of the positions marked in Figure 4 (Wt%).

NaZO MgO A1203 Si02 P205 K20 CaO Ti02 MnO Fe203
EDS 1 1.0 1.1 28.5 50.3 0.0 0.9 17.4 0.1 0.1 0.6
EDS 2 1.1 1.4 12.8 67.5 0.3 4.8 10.4 0.2 0.0 1.6

EDS 3 0.5 25 11.0 62.7 0.7 3.0 16.7 0.4 0.1 2.5
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Figure 5. The region of the chemical composition of R1 and R2 glazes in the equilibrium phase
diagram of SiO,-Al,03-CaO [11].

With further growth of anorthite, the Al,Oj3 in the surrounding glass was largely con-
sumed, the SiO, / Al,Oj3 ratio increased sharply, and then the composition rapidly moved
into the metastable liquid-liquid immiscibility zone above 950 °C. Therefore, there were
many phase-separated structures in the R1 and R2 glazes. In the SEM images (Figure 4c,d),
the dark phase had a high content of silicon (Si), and the light phase had a higher content
of calcium (Ca) and magnesium (Mg), which were referred to as the Si-rich phase and the
Ca-rich phase, respectively (Table 2, EDS 2, EDS3). In addition, K was enriched in the Si-rich
phase, while Fe and P were enriched in the Ca-rich phase. The phase-separated structure
in the glaze was not uniform. Away from the anorthite, the size of the separated phase was
smaller, and the Ca-rich phase was isolated and distributed in the continuous Si-rich phase
in the form of droplets or worms (Figure 4c). The sizes of 187 Ca-rich phases were measured
and counted; the average size was 81 nm and 60% of the sizes were predominantly between
55 and 137 nm (Figure 6a). Around the anorthite or between closely spaced anorthites, the
size of the Ca-rich phase was larger and the shape was wormlike or three-dimensional
(Figure 4d). The sizes of 106 Ca-rich phases were measured and counted; the average size
was 489 nm and 60% were between 268 and 668 nm (Figure 6b).

The phase separation in the glaze was mainly determined by the strong immiscibility
tendency between SiO; and CaO. Mazurine’s research [32] showed that AI%* could form
complex groups Ca?*([AlOy,,],Ca). In this way, the complex group could consume some
of the Ca?*. Although the structure of [AlOy/;],Ca was different from that of [SiOy 5], it
was not enough to cause phase separation and could produce compatibility with more
structures. Therefore, the addition of Al,O3 would reduce the phase separation tendency
of 5i0;,-Ca0. As seen in the SEM image, the phase separation tendency in the glass phase
of the anorthite boundary zone was stronger due to the consumption of more Al content,
and the size of the phase was larger. With increasing distance from the anorthite, the Al
content in the glass phase increased, the phase separation tendency decreased and the size
of the phase decreased.
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Figure 6. Column distribution of droplet size. (a) Away from the anorthite region; (b) Around the
anorthite region.

In a small area of the R1 glaze (Figure S1) and in most of the R2 glaze (Figure 7a),
there are small droplets arranged in rows around short columnar crystals. EDS analysis
showed that the crystals contained mainly Ca, Al and Si elements, suggesting that they
were anorthite crystals (Figure 7b). The Ca content in the small droplets was higher, with
n(Si/Ca) = 2.8 (Table 3, EDS 2). The needle-like crystals in this region were formed by
the aggregation of small droplets, with n(Si/Ca) = 2.5 (Table 3, EDS 4). In contrast, the
disordered arrangement of Ca-rich droplets is n(Si/Ca) = 3.5 (Table 2, EDS 3). In other areas,
the Ca-rich phase in the R2 glaze was a continuous phase in some areas, and the Si-rich
phase was isolated droplets (Figure 7d). In addition, a small amount of crystal particles
was observed in the local areas of R1 and R2, which were unmelted quartz particles and
fluorine-containing apatite particles (Figure 7d, Table 3, EDS 5), as determined by SEM-EDS.

The Raman spectrum of the cross-sectional glaze of R2 (Figure 7b), showed charac-
teristic peaks for anorthite (513 cm~ 1, 483 cm’l), wollastonite (640 cm~ 1,970 cm’l), and
diopside (662 cm™!, 1010 cm~'). A detailed structural analysis was carried out using
transmission electron microscopy (TEM). In Ca-rich droplets, n(Si/Ca) = 2.7, and electron
diffraction patterns of a region of droplets arranged in rows show that the droplet contains
wollastonite crystals, ref. ICDD-PDF-4 and database (PDF#01-076-0186) (Figure 8).

The microstructural differences between the R1 and R2 glazes were related to the firing
process. R2 had a lower firing temperature and a longer annealing time than R1. In the
process of slow annealing, R2 had enough time to saturate and precipitate wollastonite
crystals from the Ca-rich phase, and the phase separation interface provided a nucleation
interface, reducing the nucleation barrier and promoting the precipitation of crystals. Due
to the liquid viscosity and surface tension, some Ca-rich phases entangled, coarsened and
aggregated into micron-sized needle-like wollastonite crystals. The R2 glass, therefore,
contained more wollastonite crystallites. The powders of the R1 and R2 glazes were
analyzed by XRD (Figure 9), and according to the peak intensities, diopside and wollastonite
were higher in the R2 glaze than in the R1 glaze. The diopside may have been formed by the
reaction of Mg, which is locally abundant, with the quartz melt. R1 may have undergone
anorthite crystallization—phase separation during the firing process, and R2 may have
undergone anorthite crystallization—phase separation—wollastonite crystallization during
the firing process. Although the chemical composition of the glaze was similar, the different
firing processes resulted in large differences in the microstructure, and these microstructures
had different effects on the corrosion of the glaze.
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Figure 7. SEM images of the polished cross-section of R2 (a,c,d): small droplets are arranged in rows
around columnar crystals (c), the continuous Ca—rich phase (d). Raman spectrum of the cross-section
of R2 glaze (b).

Table 3. EDS analysis results of the positions marked in Figure 7 (Wt%).

NaZO MgO A1203 Si02 P205 K20 CaO TiOz MnO Fe203 F
EDS 1 0.2 13.8 8.0 53.1 0.3 1.3 21.7 0.2 0.2 1.3 -
EDS 2 0.8 3.0 10.1 59.6 0.1 3.5 20.0 0.3 0.2 2.5
EDS 3 1.1 2.1 19.0 57.1 0.3 2.5 16.2 0.2 0.1 14 -
EDS 4 0.8 3.3 12.4 56.6 0.4 2.4 21.0 0.1 0.2 2.8 -
EDS 5 0.3 1.0 7.7 323 194 19 34.8 0.1 0.1 1.0 1.3
d |[EDS1 < ' ai ol
o
+EDS 1
o 0.310 nm oL
* (201)¢ "('110)
5 i L KCa = * -
a8 Elt EDS 1 EDS 2 0 desinin
o [EDS 2 Wi A6 W% A% “
si 0  37.66 5207 2954 4514
Mg 006 006 308 31
Al 458 376 368 333
Sl 5216 4108 3872 3371
(o] K 225 127 164 102
Ca Ca 295 163 2019 1232
Fe 034 013 315 138
ol KJL Fe
0 1 2 3 4 5 6 7 8 9 10 e : ‘ Z=[-112]
keV

Figure 8. Chemical composition by TEM-EDS (a) and electron diffraction pattern (b) of droplets
arranged in rows in R2 glaze.



Coatings 2023, 13, 1011

9of22

50

Intensity (Counts)

4 Anorthite
o Diopside
v Quartz

® Wollastonite CaSiO,

Ca(ALSi,0,) PDF#89-1461 .
CaMgSi,0, PDF#86-0932
Si0, PDF#83-0539 |
PDF#76-0186 |
|

N aLl .
oM,
1 L T b

RN

10

1
30

20

&

40

50

Two-Theta (deg)

Figure 9. XRD of R1 and R2 glaze powder.

3.1.3. Color Characterization and Coloring Mechanism

Glazes R1 and R2 have celestial appearances. The wavelength at which the reflectance
spectrum peaks is the dominant wavelength, that characterizes the hue of the object. In
the spectrophotometer analysis (Figure 10, Table 4), the dominant wavelength of the R1
and R2 glazes is in the range of 496 to 516 nm, which is in the blue-green wavelength
range. Compared to the R1 glaze, the R2 glaze has a larger dominant wavelength, a broader
reflectance spectrum curve and lower color saturation, indicating that the R2 glaze is more
yellow and reflects more white light. This may be due to more yellow dirt deposits and
more crystal reflection on the surface of the R2 glaze. The color saturation of the R1 inner
side glaze surface is significantly lower than that of the outer side glaze, indicating that the
inner side glaze reflects more white light and is more corroded.

w B P
w o o
T

Reflectance (%)

w
o

25

L

1

Inside surface of R2

Outside surface of R2

Outside surface of R1

Inside surface of R1

400

450
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CIE 1931
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650

0.8

Figure 10. (a) Reflectance spectrum of glaze surface; (b) CIE1931 chromaticity diagram of glaze surface.
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Table 4. Dominant wavelength and colorimetric purity (saturation) of glaze surface.

Regions Dominant Chromaticity Coordinates s .

& Wavelength (nm) X y aturation
Outside surface of R1 496 0.31405 0.33556 0.064
Inside surface of R1 502 0.32055 0.33736 0.041
Outside surface of R2 513 0.32667 0.33865 0.020
Inside surface of R2 516 0.32636 0.34339 0.022

Optical microscope observations of surface and cross-sections of R1 and R2 are shown
in Figures 11-14a. The glazes R1 and R2 have mainly white opalescence, blue opalescence
and transparent areas. In order to investigate the intrinsic causes of the color change in the
corroded glaze, it is necessary to understand the relationship between the microstructure
and the coloring of the two Ru celadons. MATLAB software is used to perform a 2D
Fourier transform on the SEM image of the phase-separated structural region, as shown
in Figure 4c,d. The 2D Fourier transform graph of the isolated droplets and the three-
dimensional connected phase is a ring, which is consistent with long-range disorder and
short-range ordered amorphous photonic structure, and the lined-up droplet structure
does not conform to the amorphous photonic structure [33]. The phase-separated structure
has short-range order and conforms to coherent scattering conditions, and the size of
the droplet can be calculated by Bragg’s law. The calculation procedure is shown in the
Supplementary Material. The phase separation sizes of the R1 glaze range from 126 to
160 nm, which can produce coherent interference in the blue to violet visible light ranges
and show structural color. The phase separation size in the region far from anorthite in R1
is mostly concentrated between 55 and 137 nm, and the phase separation size near anorthite
is mostly concentrated between 268 and 668 nm. Therefore, not all phase-separated regions
in the R1 glaze can produce amorphous photonic structural colors, and the phase-separated
structure produces blue opalescence only in the regions far from anorthite.

R€sidual glassy phase
‘ 1 glassy

EDS 6

\\

Anorthite

5 pum

Figure 11. Cont.



Coatings 2023, 13, 1011 11 of 22

Figure 11. R1 glaze surface. (a—c) Optical micrographs: (a) uncorroded glaze; (b,c) corroded glaze,
with numerous white annular pits; (d—i) SEM images: corrosion pits around the anorthite; diopside
was growing around the quartz, the glass was well preserved in this region; (j k) Element mapping:
high Al, Ca content in corrosion pits.

T 3 F RN
71| Calcium sulfatc f

Figure 12. R2 glaze surface. (a) Optical micrograph; (b—f) SEM images: The glaze is well preserved
with a lot of diopsides (b); The glaze has some corrosion pits with residual anorthite in the pits (d);
(g-i) Elemental mapping of Figure d: high Al in corrosion pits, high Mg in glaze surface, higher S in

local region.
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Figure 13. The polished cross-section of R1 glaze. (a) Optical micrograph; (b-i) SEM images:
corrosion of the three-dimensionally connected Ca-rich phase (d-g) and of the Ca-rich droplets that
are distributed in rows (h,i).

The phase-separated droplets smaller than 100 nm in the glaze (away from the anor-
thite) are much smaller than the wavelength of visible light, conform to the conditions of
Ruili dispersion (monomer scattering) and show a transparent blue color. Structures in the
glaze that are much larger than the wavelength of visible light, such as the micron-scale
phase-separated structure, anorthite, diopside, wollastonite, quartz, apatite and bubbles,
follow the Mie dispersion (monomer scattering) condition and produce full-band reflection
and refraction of the incident light, giving a milky white glaze appearance. In addition,
the concentration and ratio of Fe?*/Fe®* also affect the color of the glaze. The R2 glaze
contains a large number of phase-separated structures arranged in rows that do not produce
coherent scattering. There are many micron-sized wollastonite and diopside crystallites in
the R2 glaze and Mie scattering is very dominant. Compared to the R1 glaze, the R2 glaze
is whiter in color.

The color difference between R1 and R2 is due to the different microstructure of
the glaze. Different microstructures have different degrees in corrosion. Therefore, the
degree of corrosion of different color areas on the glaze surface will be different. The white
opalescent areas may contain large phase-separated structures or wollastonite crystallites,
which are more susceptible to corrosion than the blue and transparent areas, as discussed
in detail below.
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Figure 14. The polished cross-section of R2 glaze. (a) Optical micrograph; (b—i) SEM images:
corrosion of the three-dimensionally connected Ca-rich phase (d) and the Ca-rich droplets distributed
in rows (e,f), as well as the needle-like wollastonite precipitated by droplet aggregation (i).

3.2. Analysis of the Corroded Glaze
3.2.1. Micromorphology

The R1 glaze on the outside of the fragment is relatively well preserved and shows an
opalescent azure color. Under the optical microscope, there are many air bubbles in the
outer glaze (Figure 11a). However, the inner glaze is covered with white spots (Figure 11b).
According to the 3D ultra-depth microscope analysis, the white spots are annular pits
with a depth of approximately 10 um and a diameter range of approximately 50-400 um
(Figure 11b,c), which is the same order of magnitude as the diameter of the bubbles in
the glaze. During the firing process, as the bubbles in the glaze rise to the surface, the
liquid glaze above the bubbles collapses into the bubbles, squeezing the large bubbles into
more small bubbles, and these smaller bubbles gather at the boundary of the original large
bubbles. When these small bubbles escape, the glaze cannot be completely flattened due to
the fast-annealing speed and a circular pit is formed. The process of ring pit formation is
shown in Figure S2. These pits provide a place for the retention of the aqueous solution
and will become an important site for corrosion to occur.

The SEM-EDS elemental mapping of the surface of R1 glaze (Figure 11j,k) shows that
the content of Al and Ca in the pit area is relatively high. Under magnification, more
columnar and flaky crystals are observed, corresponding to anorthite (Figure 11e, Table 5,
EDS 3). In addition, the pits also contain a small number of iron ore particles (Figure 11e,
Table 5, EDS 4), clay particles (Figure 11e, Table 5, EDS 5) and residual glass phase with
a network pore structure that has a low calcium content (Figure 11f, Table 5, EDS 6). The
corrosion pits of the glass phase around the anorthite are deep, resulting in the exfoliation
of part of the anorthite, while the glass phase far from the anorthite has only shallow
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corrosion pits (Figure 11g). The corrosion zone also contained calcium sulfate deposits
(Figure 11h, Table 5, EDS 9). The area of high Si content on the surface is unfused quartz
and there are a large number of long rod-shaped crystals around the quartz (Figure 11e,,
Table 5, EDS 1). The rod-shaped crystals contain high contents of Mg, Ca and Si and are
diopside crystals (Figure 11e,i, Table 5, EDS 2).

Table 5. EDS analysis results of the positions marked in Figure 11. (Wt%).

NaZO MgO A1203 5102 P205 Kzo CaO TiOZ Ml‘lO F6203 SO3
EDS 1 0.3 0.9 8.1 82.3 0.1 3.1 42 02 - 0.9 -
EDS 2 0.3 11.7 9.0 54.1 0.3 1.3 20.7 0.2 0.2 2.3 -
EDS 3 0.9 1.1 23.0 52.7 0.1 2.9 169 0.2 - 2.0 -
EDS 4 1.0 1.1 12.2 27.8 - 1.5 5.7 0.2 - 50.4 -
EDS 5 12 1.8 24.8 55.1 0.2 35 8.0 0.6 0.1 47 -
EDS 6 0.6 1.3 19.7 59.8 0.2 3.6 12.9 0.2 - 1.6 -
EDS 7 0.8 2.1 15.5 61.2 0.3 4.5 13.6 0.2 - 1.9 -
EDS 8 0.7 2.1 155 62.3 0.5 42 12.6 0.3 0.1 1.9 -
EDS 9 0.6 1.2 16.2 37.2 0.1 2.0 23.2 0.2 - 1.6 17.8
The surface of the R2 fragment shows many milky white substances. (Figure 12a)
In the SEM image (Figure 12b—f) and elemental mapping of the surface of the R2 glaze
(Figure 12g-i), the glaze surface is well preserved in some areas, and a large number of
long rod-shaped diopside crystals with high Mg, Ca, and Si contents are distributed on
the glaze surface. A small amount of diopside crystals fall from the glaze, leaving long
rod-shaped pits (Figure 12b). The glass matrix around the pit has less corrosion, possibly
due to the high Si content in the glass matrix in the diopside generation area. The glaze
surface in some other areas has many corrosion pits; the Al content in the corrosion pits is
high (Figure 12d,h) due to the loss of large amounts of glass, and many columnar anorthite
crystals remain (Figure 12e, Table 6, EDS 3). Overall, the area of corrosion pits on the R2
glaze is smaller compared to the R1 glaze. The ratio of corrosion pits to total area is 65.5%
and 13.6% for R1, and R2 glazes, respectively (Figure S3). The glaze surface also contains
deposits (Figure 12¢,f) of calcium silicate (Table 6, EDS 1), iron-rich clay minerals (Table 6,
EDS 2), and calcium sulfate (Table 6, EDS 5). The calcium element in the Ca-rich minerals
may originate from the soil or the glaze.
Table 6. EDS analysis results of the positions marked in Figure 12 (Wt%).
NaZO MgO A1203 5102 Kzo CaO Ti02 F6203 Cl 503
EDS 1 0.5 3.1 9.4 375 45 427 - 1.9 - 0.5
EDS 2 0.7 2.8 24.9 48.9 4.7 3.4 0.9 11.8 1.1 0.3
EDS 3 1.1 1.0 23.2 54.9 5.0 13.5 - 1.3 0.2 -
EDS 4 0.3 11.4 72 50.2 1.7 23.1 - 6.1 - -
EDS 5 0.8 1.0 4.8 13.0 1.4 35.4 - 0.5 0.1 42.6

The cross sections of the R1 and R2 glazes showed two corrosion morphologies.
The first corrosion morphology occurs along the interface between the anorthite crystal
(Figure 13d, Table 7, EDS 2) and the glass phase. The corrosion depth is approximately
40 um inward from the glaze surface (Figure 13c), and the Ca-rich phase dissolves, leaving
a three-dimensionally connected Si-rich phase (Figures 13e and 14d, Table 7, EDS 1 and
Table 8, EDS 1). At the front of the corrosion reaction, there is a circle of dark material
(Figure 13g), possibly related to the leaching of network-modified ions such as Ca*, Mg?*
and Fe?*/3* in the Ca-rich phase.
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Table 7. EDS analysis results of the positions marked in Figure 13 (Wt%).

Na20 MgO A1203 Si02 P205 K20 CaO Ti02 MnO Fe203
EDS 1 0.6 1.3 13.7 69.6 0.3 3.7 9.3 0.1 0.0 15
EDS 2 1.1 12 25.7 53.7 0.1 1.6 15.5 0.2 0.2 0.8
EDS 3 0.8 2.9 11.1 59.6 0.1 3.7 18.9 0.3 0.2 2.5
EDS 4 1.0 14 21.8 56.9 0.3 1.8 15.7 0.2 0.1 1.0
EDS 5 0.9 0.6 14.1 65.1 0.8 6.1 10.9 0.3 - 12

Table 8. EDS analysis results of the positions marked in Figure 14 (Wt%).

NaZO MgO A1203 5102 P205 K20 CaO Ti02 MnO F9203
EDS 1 0.6 0.7 15.5 68.4 0.2 3.9 9.7 0.2 0.1 0.8
EDS 2 0.5 0.9 27.9 52.7 0.1 1.3 15.6 - - 0.8
EDS 3 12 1.3 17.9 374 0.7 1.6 10.0 0.1 0.6 29.3
EDS 4 0.4 2.9 12.0 60.1 0.6 2.3 18.0 0.2 0.1 3.4
EDS 5 0.5 1.8 14.0 65.9 0.4 4.6 11.0 0.2 0.1 1.7
EDS 6 12 1.7 18.3 58.8 0.1 3.8 14.3 0.2 0.1 1.6
EDS 7 0.7 1.3 15.0 66.6 0.2 4.3 10.2 0.3 0.1 14
EDS 8 0.5 3.0 10.3 57.5 0.1 2.7 22,6 0.1 0.4 2.8
EDS 9 0.5 1.6 15.0 64.6 0.5 4.0 11.8 0.3 0.1 1.6

In the second corrosion morphology, the corrosion proceeds along the direction of
extension of the droplet rows around the anorthite, the corrosion depth is approximately
100 pm inward from the glaze surface (Figures S1b, 13b,h and 14b) and the Ca-rich droplets
are dissolved (Table 7, EDS 3, Table 8, EDS 4 and Table S2, EDS 1), leaving a striated Si-rich
phase (Table 7, EDS 5, Table 8, EDS 7 and Table S2, EDS 2). The first corrosion morphology
is more common in the R1 glaze and the second corrosion morphology is more common in
the R2 glaze. In the local area of the R2 glaze, an isolated spherical Si-rich phase remains
after the loss of the continuous Ca-rich phase (Figures 7d and S4). In this region, the
volume ratio of the Ca-rich phase to the Si-rich phase increases, making the material more
susceptible to corrosion.

3.2.2. Corrosion Mechanism

Glaze corrosion is not only related to chemical composition and microstructure but
also to environmental factors. In the soil burial environment, the flow rate and pH of
the aqueous solutions in contact with the glaze surface have the greatest effect on corro-
sion [34]. Minerals, organic matter and micro-organisms in the soil also affect the glaze.
The Qingliangsi site is located in Pingdingshan City, Henan Province. The Pingdingshan
coal mine is rich in resources and has a large national coal base. There are also several
small private coal mines in the Qingliangsi site area. Acid rain caused by irrational coal
mining, and irrational agricultural practices and excessive use of nitrogen fertilizers are all
causes that accelerate soil acidification. From the 1980s to the 2010s, the average soil pH in
Pingdingshan has decreased by approximately 1.5 pH units over the past 30 years. Soil pH
in most areas of the city has decreased from neutral (6.5 < pH < 7.5) and weakly alkaline
(7.5 < pH < 8.5) to weakly acidic (5.5 < pH < 6.5) or even acidic (4.5 < pH < 5.5) [35]. After
2000, the Ru kiln site was extensively excavated. Prior to the excavation, the porcelain
buried in the soil had undergone a large pH change, and the acidification of the soil had an
important effect on the corrosion of the porcelain.

In the first type of corrosion, the large Ca-rich phase around the anorthite dissolves and
forms voids, leaving the Si-rich phase. Compared with the Si-rich phase, the Ca-rich phase
contains more network-modifying ions, which reduce the degree of polymerization of the
5i-O network and increase the amount of nonbridging oxygen. Therefore, the Ca-rich phase
is more susceptible to corrosion. In the acidic soil solution, the Ca-rich phase in the glaze
preferentially undergoes an ion exchange reaction, and the network modifying ions such as
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Ca?* and Mg2+ in the glass network are leached out. (Equation (1)) Due to the difference
in radius between the hydrogen ion and the modifier ion in the glass network, the Si-O
network shrinks and produces microcracks. In the area of the microcracks, the fluidity of
the solution is poor, and as the H* in the aqueous solution decreases, the pH of the local area
increases. Then the Si-O network in the Ca-rich phase begins to hydrolyze, and eventually,
the Ca-rich phase is completely dissolved in the solution. (Equation (2)) Since the Ca-rich
phase at the anorthite interface is three-dimensionally connected, a three-dimensionally
connected channel is formed when it is completely dissolved, and the aqueous solution
continues to corrode inward along the channel at the anorthite boundary. However, the
isolated Ca-rich phase droplets far from the anorthite do not provide a connected channel
for the aqueous solution to penetrate, resulting in a shallow corrosion depth. The voids
formed by the lost Ca-rich phase provide a larger space and reaction surface for the
infiltration and residence of the aqueous solution. The liquid within the channel has poor
fluidity, and as the reaction time increases, the remaining Si-rich phase is also completely
dissolved. Eventually, only the less soluble anorthite and diopside crystals remain. In
addition, because the anorthite crystal and the glass phase are different materials, the
atoms at the interface are not closely arranged, so there are many atomic-level vacancies.
Additionally, the thermal expansion coefficients of the anorthite crystal and the glass phase
are different, so the glass phase interface is stressed, resulting in tiny voids [36-38]. All of
this provides channels for aqueous solutions to enter and a larger reaction interface for the
reaction to occur. Therefore, corrosion is more likely to occur at the anorthite boundary.
The anorthite in the glaze is highly resistant to corrosion, and when the glass matrix around
the anorthite dissolves, the anorthites are not eroded but flake-off.

= (Si0),Ca 4 2H' — 2 = Si — OH + Ca** (1)

=51-0-Si=4+0H" -=S51—-0OH+=51-0" 2)

In the second type of corrosion, rows of Ca-rich droplets are dissolved around the
anorthite. The above analysis shows that wollastonite crystallites are present in the Ca-rich
phase droplets. Wollastonite is a triclinic, chain-like silicate in which Si-O tetrahedral groups
form chains. The chain is formed along the b-axis by repeating structural units connected
by two vertex-to-vertex Si-O tetrahedral radicals (Si;O7) and an Si-O tetrahedron, with one
of its edges parallel to the direction of the chain. The [CaOg4] octahedra attached to the
chain are consistent with the direction of chain elongation [39,40]. There are many reports
in the literature on the dissolution mechanism of wollastonite [41,42]. When wollastonite
comes into contact with pure water, Ca ions are rapidly released from the surface and
exchanged with H* in the aqueous solution, raising the pH of the solution to approximately
10 within a few minutes. Wollastonite is incongruently dissolved and the calcium is
released into the solution faster than silicon. With the ion exchange of Ca?" and H*, the
silanol groups formed in the surface leach layer undergo a polycondensation reaction.
This repolymerization in the leach layer was confirmed by Casey et al. using Raman
spectroscopy of the wollastonite leach layer and they found that this surface structure has a
network of quaternary silicon rings [43]. This type of reconstruction results in cracks and
pores in the leached layer, which may contribute to further surface protonation and Ca
leaching. As the leaching process continues, the Si-O-OH polymer clusters detach from
the surface due to the lack of attraction of the network modifying ion Ca?*. In addition,
surface cracks allow the solution to penetrate deeper, releasing “chunks” of Si-O chains
up to thousands of single chains at greater depths. Once released into the solution, these
polymers rapidly decompose into monomers, releasing silicic acid [41,44]. Most of the
wollastonite crystals in these samples are nanoscale and their tiny particle size causes a
rapid release of Ca and Si ions [45].

In the same corrosion environment, the corrosion depth of the second type of corrosion
is approximately twice that of the first type. (Figures 13b and 14b) According to the EDS
analysis, the contents of network modifiers (Ca** and Mg?*) in the Ca-rich phase of the
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second type of corrosion are higher than those in the first type and more susceptible to
erosion. The droplet-like Ca-rich phases are arranged in rows around the anorthite; the
row is longer, about a few microns; the droplets around different anorthites can contact and
bond with each other, so the corrosion can be directed to deeper glaze layers and is poorly
correlated with the density of the anorthite. However, the first type of corrosion relies on
the three-dimensional interconnected channels near the anorthite, and it is difficult for
corrosion to occur inward in the sparse area of the anorthite. In addition, in the second type
of corrosion, wollastonite crystallites are present in the Ca-rich phase. Due to the special
chain structure, the silicon-oxygen skeleton is easily separated from the body and dissolved
in the solution after Ca?* leaching. The glassy Ca-rich phase has a network structure, and
compared with wollastonite crystals, the Si-O skeleton has more difficulty leaving the body
in an acidic environment, and corrosion is weaker. Therefore, the second type of corrosion
is more likely to occur. A schematic diagram of the two types of corrosion is shown in
Figure 15.

Corroded morphology 1 Corroded morphology 2

Figure 15. Sketch of a Ru porcelain glaze cross-section. (a) The morphology of the phase separation
structure and crystals in the pristine glaze. The left side shows the three-dimensional interconnected
structure of the Ca-rich phase around the anorthite, and the right side shows the linear structure
of the Ca-rich droplets around the anorthite. (b) shows the corrosion morphology of the glaze in
the soil solution; the left side shows the first corrosion morphology, where the corrosion proceeds
inward around the anorthite, and the right side shows the second corrosion morphology, where the
corrosion proceeds in the direction of droplet extension. (c) shows the corrosion morphology after
excavation; the second corrosion type is deeper, and soil particles are deposited in the glaze. (Note:
The surrounding anorthite is a phase-separated structure, and the Si-rich phase is distributed around
the Ca-rich phase, which is not marked in this drawing).

The chemical compositions of glazes R1 and R2 are similar, but the microstructure and
appearance are different due to the different firing processes. Glaze R1, with a higher firing
temperature and faster annealing rate, is dominated by the first type of corrosion. Glaze
R2, with a lower firing temperature and slower annealing rate, is dominated by the second
type of corrosion. The difference in microstructure results in a different degree of corrosion,
with R2 being more corrosive than R1. The corrosion of the R2 glaze is deeper, but due to
the growth of many diopsides on the surface of the R2 glaze, which increases the corrosion
resistance of the glaze, the corrosion pit area on the surface of R2 is smaller than that of R1
in the two-dimensional glaze surface. Over the past 30 years, the acidification of the soil in
the area where the site is located has increased, changing from weakly alkaline to acidic,
and this acidification accelerates the ion exchange reaction of the Ca-rich phase in the glaze,
especially for the dissolution of the wollastonite microcrystal in the glaze. Acidification of
the environment has accelerated the destruction of Ru porcelain buried in the soil.

3.2.3. Change in Glaze Color

On the surface of sample R2, there were many yellow substances that were difficult
to remove by mechanical methods. The optical microscope showed that the yellow sub-
stances had penetrated into the glaze along the cracks and voids created by corrosion. The
SEM image showed iron-rich silicate mineral particles on the surface and in the cracks.
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(Figures 11e, 12c and 14e) These inorganic colloidal particles from the soil could easily en-
ter the interior of the glaze layer through cracks and form hydrogen bonds with silanol
groups formed by glaze hydrolysis and adsorbed in the glaze [46,47]. The increase in ion
concentration in the local solution due to cations released from the corroding glaze could
promote the aggregation of soil colloid particles [48,49].

Silicate structures consist of more or less connected (polymerized) SiO, tetrahedra.
The intensities of the Si-O stretching and bending modes at approximately 1000 and
500 cm ™1, respectively, and the polymerization index (Ip = Asgg/A1000; A is the area under
the Raman band) can provide information about the connectivity of the SiO4 polymer
units [50]. The fitting and deconvolution of the Si-O stretching peaks at 1000 cm ™! on the
cross-section and surface are shown in Figure 16. Raman peaks of stretching modes at
approximately 820 cm~!, 950 cm~!, 1000 cm~! and 1150 cm~! have been reported in the
literature for no, one, two, three and four bridging oxygen bonds, respectively (denoted by
QY or isolated SiOy4, Q! or -5i03, Q? or =Si0,, Q*~* or =SiO and SiO;) [51]. The “Raman”
degree of polymerization could be extracted from the precise measurement of the above
quantities, but due to the rather strong fluorescence-related baseline observed in the spectra
of archaeological objects, independent measurement of the Q> and Q* components is
difficult [52]. From the Raman spectroscopic analysis (Table 9), the Ip of R2 in the pristine
glaze (cross-section) and in the corroded glaze (surface) are 0.99 and 0.59, respectively,
indicating that the degree of aggregation in the corroded glaze is lower. The Q! in the
corroded glaze increases significantly and the Q*>~* decreases significantly, indicating that
the amount of nonbridging oxygen increases, more silica-oxygen skeletons are hydrolyzed
and broken, and the polycondensation reaction between silicic acid is difficult to occur. It is
therefore hypothesized that the concentration of silicic acid at the reaction interface will
be low and a large amount of silicic acid may be lost to solution or react with cations in
the soil to form ferrous silicates [53-55]. All of the above physical and chemical effects can
lead to the deposition of yellow contaminants on the glaze. In addition, the leaching of
modified ions in the corroded glaze and the breaking of the silicon-oxygen skeleton may
cause more hydrogen bonding on the corroded glaze surface, making it more hydrophilic.
The contact angle test of pure water on the glaze surface shows that the contact angle of
the R2 corroded area is 47.04° and the contact angle of the R2 uncorroded area is 65.92°
(Figure S5), which is an indirect confirmation that the corroded area contains more fractured
silicon-oxygen skeletons.
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Figure 16. Raman spectrum of R2 glaze and deconvolution and curve fitting of the spectra. (a) Cross-
sections (pristine glaze); (b) Surfaces (corroded glaze).
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Table 9. The integral area ratios of the bending envelope to the stretching envelope in the Raman
spectra of the cross-sections and surfaces (Asgg/A1ggo) and the peak positions and integral area ratios
of each component (Q") in the stretching envelope (Aq"/ Agsp).

Regions Asgo/A1000 Parameters QY (0% Q? Q34

” 0.99 Peak position 825 952 1020 1124
cross-sections : AQ"/ Atono 0.20 0.05 0.67 0.08
. 059 Peak position 824 940 1018 1160
surlaces : AQ™/ A1o00 0.21 0.50 0.26 0.02

The three-dimensional interconnected Ca-rich phase and aligned Ca-rich droplets
(including needle-like wollastonite microcrystals) surrounding the anorthite were dissolved
in the solution. Some of the anorthites on the glaze surface are exfoliated, and as the
corrosion progresses inward, the internal anorthite is exposed. The corrosion pits and a
large amount of exposed anorthite on the surface provided more light-reflecting interfaces,
which increased the scattering of these areas on the surface to show white. In addition,
the glaze was unable to show the color of the amorphous photonic structure due to the
destruction of the phase-separated structure on the surface. Fe ions are mostly concentrated
in the Ca-rich phase, and the loss of the Ca-rich phase weakens the chemical coloring ability
of the glaze. Therefore, overall, the altered area is whiter than the unaltered area.

4. Conclusions

This study thoroughly investigated the degradation morphology and mechanism of
two pieces of Ru porcelain glazes with similar compositions but different microstructures
in the same burial environment. The main findings are as follows.

In the phase separation structure, the Ca-rich phase corrodes preferentially. The Ca-
rich phase that is linearly distributed (corrosion type 2) corrodes approximately twice as
deep as the Ca-rich phase that is three-dimensionally interconnected (corrosion type 1). The
precipitation of needle-like wollastonite microcrystals by droplet aggregation exacerbates
glaze corrosion in an acidified soil environment.

Dissolution of the Ca-rich phase exposes many anorthites, providing many reflecting
surfaces, and destroys the color of the amorphous photonic structure, which changes to give
the glaze an overall white color. The Si-O skeleton in the glaze is broken, causing the cor-
roded glaze to physiochemically interact with soil particles, allowing yellow contaminants
to seep into the glaze.

Ru kiln porcelain has been buried in the soil for nearly a thousand years. The phase
separation structure and wollastonite crystals in its glaze seriously reduce the corrosion
resistance of the glaze. At the same time, the diopside and homogeneous glass matrix make
the glaze highly resistant to corrosion. In producing modern corrosion-resistant ceramics,
the formulation and firing process should be reasonably designed to avoid the formation
of unstable phases in the glaze.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ coatings13061011/s1, Figure S1: The polished cross-section of R1
glaze. (a) Optical micrograph, (b—d) SEM images; Figure S2: Schematic diagram of the formation
of annular pits on the glaze surface; Figure S3: Profile curves of corrosion pits in SEM images at
the same magnification (80x): (a) R1 glaze, (b) R2 glaze; Figure S4: SEM images of the polished
cross-section of the R2 glaze; Figure S5: Contact angle of R2 glaze surface; (a) obvious corrosion
area; (b) no obvious corrosion region; Table S1: The microstructure of Ru porcelain glaze and body
under an optical microscope; calculation process of droplet size with coherent interference; method
of calculating the approximate area ratios of pits on a two-dimensional glaze surface; Table S2. EDS
analysis results of the positions marked in Figure S1 (Wt%).
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