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Abstract 

The Dalian ( ) Island shipwreck of the Yuan Dynasty (1271–1368 CE) was located in the sea area of Pingtan (
), Fujian ( ) Province, China. A total of 603 Longquan ( ) celadon wares were excavated, some of which have 
been severely corroded. In this study, two celadon specimens with severe corrosion were selected to investigate the 
corrosion mechanism in the marine environment. Optical microscopy (OM), scanning electron microscopy equipped 
with energy dispersive X-ray spectrometry (SEM–EDS), X-ray diffraction analysis (XRD), Micro-Raman spectroscopy, 
and thermal expansion analysis were applied to analyze the microstructure of the glaze, corrosion morphology, and 
composition of corrosion products, and the corrosion mechanism was discussed in depth. The results showed that 
these two celadon wares are opaque matt glaze, in which the anorthite crystallization-phase separation structure with 
low chemical stability was found, which was more likely to be corroded. There are three possible stages in the corrosion 
process of the glaze. The first stage is mainly the long-term cation exchange reaction. Then, because of the corrosion 
of the CaO-rich droplet phase and the crystal-glass phase interface layer, the porous structure and many microcracks 
may be formed, promoting the corrosion process. Finally, many corrosion craters, caused by the shedding of anorthite 
crystals, may appear on the glaze surface. The quintinite group minerals in the glaze were probably formed during 
the corrosion process, which may be related to the marine buried environment and the corrosion of the glaze. This 
study discussed the influencing factors of the corrosion process of celadon wares in the marine environment from the 
perspective of microstructure for the first time, which is of great significance to the study of the corrosion mechanism 
of ancient ceramics.
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Introduction
Chinese porcelain was exported overseas as an important 
commodity as early as the Tang Dynasty (618–907 CE) 
and was loved by people all over the world in history [1]. 
However, in the history of the East–West porcelain trade 

for thousands of years, many merchant ships loaded with 
Chinese porcelain wares, unfortunately, sank into the sea 
due to natural and man-made disasters and were buried 
by marine sediment [2, 3]. These ceramics have experi-
enced hundreds or even thousands of years of alteration 
process caused by various physical, chemical, and bio-
logical factors in the marine environment. Various cor-
rosion phenomena have seriously affected the beauty of 
these precious cultural relics, and have brought severe 
challenges to the treatment and preservation after the 
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excavation. At present, more than 90% of the cultural rel-
ics excavated by underwater archaeology in China were 
ceramic wares [4], but there is still a lack of in-depth sci-
entific cognition of the damage to the ceramics in the 
marine environment, and a systematic protection scheme 
has not yet been formed. This had become an important 
issue that urgently needs to be resolved in the protection 
of cultural relics excavated underwater.

At present, ion exchange  (H+/alkali and alkaline 
earth metal ions), Si–O–Si network hydrolysis, and the 
resulting microcrack and the loss of protonation of the 
network were considered to be the important causes 
of glass corrosion in the seawater [5–8]. In the protec-
tion field of cultural relics, some researchers studied 
the effect of soluble salt on ceramics and the method of 
desalination [9–13]. There have also been some prelim-
inary studies on the formation and removal of differ-
ent types of concretion and contaminant [14–16], and 
some researchers have discussed the secondary damage 
of ceramics in the process of conservation and treat-
ment after excavation [17, 18]. Although the scientific 
cognition of ceramics excavated underwater has made 
considerable progress, the research on the corrosion 
of ancient ceramics in the marine environment is still 

not enough, especially the porcelains that are gener-
ally considered to have good corrosion resistance. The 
corrosion mechanism of the celadon glaze in the natu-
ral environment has not yet reached a consensus, and 
there is a lack of a comprehensive understanding of the 
various factors affecting the corrosion process, which is 
obviously not conducive to the subsequent treatment 
and protection work.

In this study, the ancient celadon wares from the 
Dalian Island shipwreck of the Yuan Dynasty were 
selected as a typical case, aiming to explore the cor-
rosion process of celadons in the marine environment 
and its influencing factors. The shipwreck is located in 
the coastal waters of Pingtan, Fujian Province, China 
(Fig. 1), with a water depth of 15–18 m. The underwa-
ter archaeological excavations of the shipwreck were 
carried out in 2007. A total of 603 celadon wares were 
excavated from the shipwreck site, all of which were 
exported celadons from Longquan kiln [19]. In this 
paper, the corrosion of the ancient celadons was dis-
cussed from the perspectives of chemical composition 
and microstructure, which is very important for the 
protection of cultural relics excavated from the marine 
environment.

Fig. 1 Schematic diagram of the geographical location of the Dalian Island shipwreck of the Yuan Dynasty
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Materials and methods
Samples
In order to systematically study the corrosion of the cela-
don wares from the Dalian Island shipwreck, 11 pieces of 
celadon shards with different corrosion degrees, provided 
by Fujian Museum, were selected as the research object. 
These shards have been immersed in deionized water for 
desalination in the museum before they were provided to 
us. The desalination time is 5 weeks.

The samples were numbered from 01 to 11 and the 
detailed information can be seen in Table  S1 and S2 
in  the Additional file  1. After observation and analysis, 
two severely corroded fragments (Nos. 08 and 09) among 
them were found to have significant representativeness, 
so they were chosen as the experimental samples in this 
paper for the key analysis. The photos and appearance 
descriptions are listed in Table 1.

The characteristic parts of the samples were cut from 
the shards and then cleaned by deionized water and etha-
nol in an ultrasonic cleaner (2 times for deionized water, 
1 time for ethanol, 15 min each time). After that, all sam-
ples were dried in a drying oven at 110 ℃ for 3 h.

Methods
X-ray diffraction (Bruker D8 DISCOVER) using Cu Kα 
radiation was applied to investigate the phase compo-
nents of the glaze surface. The voltage is 40 kV, the cur-
rent is 40  mA, the scan rate is 5(°)/min, and the angle 
range is 10°–80°.

Micro-Raman spectroscopy (Horiba XploRA one 
532  nm) was used to examine the crystals and glass 
phase in the glaze. The wavenumber calibration of the 
peak position was at a × 50 objective with a piece of 

crystal silicon. A confocal microscope (Olympus BX41) 
was employed to focus the laser beam on the test areas 
with ×10 and ×50 objectives. The baseline was sub-
tracted using the LABSPEC software. Then, the Raman 
spectra of glassy phase were de-convoluted and curve-
fitted with Gaussian functions using the Origin software 
[20, 21].

The macroscale morphology of the glaze surfaces and 
polished cross-sections were observed with an optical 
microscope (Keyence VHX-2000). The micromorphology 
and micro-area chemical compositions of glaze surface 
and polished cross-section of samples were characterized 
using field emission scanning electron microscope (FEI 
Magellan400) equipped with EDS.

The firing temperature of the bodies was exam-
ined by dilatometer (NETZSCH DIL 402 C). To pre-
pare the test sample for dilatometer, the glaze layer was 
ground off first, and the body was made into a strip of 
5  mm × 5  mm × 25  mm. The heating rate was 5℃/min 
and the approximate value of the firing temperature of 
the sample was obtained according to the inflection point 
in the thermal expansion curve [22, 23].

Results
The microstructure of the original glaze
Figure 2a is the OM image of the glaze surface of No. 
08. The glaze is almost opaque and the color is une-
ven. It can be found that many long rod-like crystals 
are spread on the glaze surface with a length of up to 
100 μm and a width of about 5 μm. A cluster of radially 
interwoven crystals is shown in Fig. 2b. The EDS anal-
ysis results show that the long rod-like crystals have 
a high content of MgO and CaO (Table  2), which are 

Table 1 The detailed information of the celadon samples

Sample No Digital photo Appearance and state of conservation

08

 

Matt glaze, rough surface, slightly corroded

09

 

Matt glaze, severely corroded, yellow substances
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Fig. 2 OM and SEM images of sample No. 08, a glaze surface; b a cluster of radially interwoven long rod-like diopside crystals on the glaze surface; 
c and d the polished cross-section; e and f the column-like anorthite crystals near glaze-body interface; The marked positions (P1–P4) were 
examined by EDS and the results were listed in Table 2

Table 2 Chemical compositions of the marked positions in Fig. 2b and f

Position No. Ratio Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 MnO P2O5 Possible phase

P1 wt% 15.45 3.84 51.42 28.49 0.79 Diopside

mol% 21.55 2.10 47.74 28.34 0.28

P2 wt% 1.09 0.86 26.12 55.31 2.21 13.49 0.91 Anorthite

mol% 1.18 1.45 17.24 61.97 1.58 16.19 0.38

P3 wt% 0.42 0.76 7.83 33.93 3.56 30.31 1.73 0.70 20.76 Calcium phosphate

mol% 0.48 1.35 5.44 39.98 2.68 38.26 0.77 0.70 10.35

P4 wt% 0.30 5.15 10.83 60.30 5.07 9.23 0.46 5.11 2.25 1.30 Glass

mol% 0.31 8.36 6.89 65.15 3.49 10.68 0.37 2.07 2.06 0.59
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likely to be diopside crystals based on the stoichiomet-
ric ratio, and some  Mg2+ and  Si4+ ions in the crystal 
are partially replaced by  Al3+ ions and a few  Fe3+ ions. 
The Raman spectrum of the long rod-like crystal is in 
good agreement with the reference spectrum of the 
diopside crystal (Fig.  3a), which further confirms its 
existence. Besides, the broad peaks around 500   cm−1, 
767  cm−1, and 1000  cm−1 are the characteristics of the 
silicate glass.

It can be seen in the OM image of the polished cross-
section of No. 08 (Fig. 2c) that many cracks penetrate 
the glaze layer. The SEM image shows (Fig.  2d) that 
many unmelted quartz grains (the Raman spectrum 
is shown in Fig.  3b) and bubbles with different sizes 
are densely distributed in the glaze. A large number 
of column-like anorthite and crystals with high  P2O5 
content are distributed in the glaze (Fig. 2e and f ), the 
Raman spectrum of the column-like crystals is shown 
in Fig.  3c, and the EDS analysis results are listed in 
Table 2. The presence of phosphorus-containing crys-
tals may be related to the use of botanic ash, a glaze 
flux widely used in ancient China [24, 25].

The glaze layer of sample No. 09 has been corroded 
severely, and the remaining opaque glaze was loose and 
porous. Figure 4a is the OM image of the glaze surface 
of No. 09. There are plenty of yellow substances on 
the surface, which are mixed with the remaining glaze. 
The SEM image of the glaze surface (Fig.  4b) shows 
that the remaining glaze on the left is already full of 
interconnected holes. Under further magnification 
(Fig. 4c), it is found that there are many long rod-like 
diopside crystals and some quartz grains in the glaze 
(see Table 3 for the EDS analysis results), which has a 
certain similarity with sample No. 08.

The micromorphology of the corroded glaze of No.08
There are many corrosion craters on the glaze surface, 
and the edges of the craters are opaque white. The cracks 
and corrosion craters on the glaze surface of No. 08 can 
be observed more clearly from the SEM image (Fig. 5a). 
There are a large number of craters with different depths 
near the crystals. The craters near the cracks on the glaze 
surface are particularly prominent (Fig.  5b), and they 
are connected to each other in a large area. The magni-
fied SEM images of the craters (Fig. 5c and d) show that 
the column-like anorthite crystals (Table 4) in the glaze 
are exposed outside, and the phase-separated droplets 
in the nearby glass phase were corroded into a porous 
structure. At the edge of the crater near glaze surface, it 
can be found that a large number of column-like crystals 
with lower contrast and rhomboid crystals with higher 
contrast (Fig.  5e), which may be anorthite crystals and 
diopside crystals according to the morphology and pre-
vious EDS analysis results. There are obvious interstices 
between the column-like anorthite crystals and the 
nearby glass phase. The magnified SEM images (Fig. 5f ) 
showed that there is a sub-micron phase-separation 
structure in the glass phase near the anorthite crystals, 
and the original phase-separated droplets with higher 
contrast have been corroded, forming a porous structure. 
The phase-separated droplets at the interface between 
the anorthite crystals and glass phase were also corroded 
by seawater, forming interstices.

To characterize the alteration of the glass phase, the 
Raman spectra of the glass phase were recorded at the 
surface craters (corroded region) and cross-section 
(original glaze), and the representative results were 
shown in the Fig.  6a and b.Two main broad peaks at 
∼480  cm−1 and ∼1000  cm−1 originated from the  SiO4 

Fig. 3 Raman spectra recorded in the crystalline zone of the glaze of sample No. 08, a long rod-like diopside crystals and glass phase on the glaze 
surface; b quartz grains; c column-like crystals and glass phase, and for comparison, the reference spectra of diopside (RRUFF ID: R040009) [56], 
quartz (RRUFF ID: R040031) [57], and anorthite (RRUFF ID: R040059) [58] are cited
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tetrahedron bending and stretching modes, respec-
tively [21]. Four typical components  (Q0,  Q1,  Q2, and 
 Q3−4) could be extracted from the stretching enve-
lopes, according to the description with a set of more 
or less connected  SiO4 tetrahedron [21], and their 
positions were listed in Table  5. The area ratios of 
bending peak over stretching peak  (A500/A1000) were 
calculated to analyze the polymerization degree of 
the glaze [20]. The results (Table 5) showed that  A500/
A1000 ratio of the surface crater is lower than that of 
the cross-section, indicating a different polymeriza-
tion degree. And the relatively lower  A500/A1000 ratio 
(~ 1.5) may also correspond to the lower firing tem-
perature [20, 26]. The wavenumber downshift of the 

 Q3−4 component of the surface crater (Table  5) may 
be related to a lengthening of the Si–O bond because 
of the interaction of the oxygen atoms with newly 
inserted protonic species [6]. The area ratios of three 
components  (Q1,  Q2, and  Q3−4) over stretching peak 
subtracting  Q0 (Table  5) were also calculated to ana-
lyze the alteration of each component [27]. Figure  6c 
shows that  A3-4/(A1000-A0) ratios were larger than 
0.45, indicating the sheet-like region and tectosilicates 
 (Q3−4) mainly preserve the main connected frame-
work [20]. The  A1/(A1000-A0) ratio of surface crater 
increased a lot while  A2/(A1000-A0) and  A3-4/(A1000-A0) 
decreased compared to that of the cross-section, 

Fig. 4 OM and SEM images of sample No. 09, a and b corroded glaze surface; c the rectangle region in (b): the remaining opaque glaze. The 
marked positions (P1 and P2) were examined by EDS and the results were listed in Table 3

Table 3 Chemical compositions of the marked positions in Fig. 4c

Position No Ratio MgO Al2O3 SiO2 K2O CaO Fe2O3 Possible phase

P1 wt% 11.79 7.68 51.43 1.46 26.21 1.43 Diopside

mol% 17.16 4.38 49.83 0.90 27.20 0.52

P2 wt% 5.40 91.43 3.17 Quartz

mol% 3.29 94.61 2.09
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indicating the breaking of Si–O bonds associated with 
corrosion [6, 27]. Therefore, the integrity of the glass 
network seemed to be altered after seawater corrosion.

The micromorphology of the corroded glaze of No.09
To further study the corrosion process of sample No. 09, 
an area where the glaze remained more was selected for 

in-depth characterization. The OM image of the polished 
cross-section of this area is shown in Fig. 7a. The body of 
the area has a concave face, the glaze layer is obviously 
thicker than other areas, and the alteration of the glaze 
layer in the concave area is relatively slight. In the SEM 
image (Fig.  7b), a crack penetrating from the glaze sur-
face to the glaze-body interface can be observed. There 

Fig. 5 OM and SEM images of the corroded region of No. 08, a glaze surface; b and c the interconnected craters near a crack; d corroded 
phase-separation structure and short column-like anorthite crystals in a crater; e a crater near glaze surface, observed from cross-section; f the 
rectangle region in (e): column-like crystals and corroded phase-separation structure. The marked positions (P1 and P2) were examined by EDS and 
the results were listed in Table 4

Table 4 Chemical compositions of the marked positions in Fig. 5d

Position No. Ratio Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 P2O5 Possible phase

P1 wt% 1.51 2.09 26.91 49.48 1.47 18.53 Anorthite

mol% 1.61 3.46 17.48 54.54 1.03 21.88

P2 wt% 0.90 2.78 12.88 65.02 4.77 12.91 0.36 0.38 Glass

mol% 0.92 4.40 8.00 68.57 3.21 14.58 0.14 0.17
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is a corrosion region near the crack, where phase sepa-
ration structure and many column-like anorthite crystals 
are found (P1 and P2 in Fig. 7d, EDS analysis results are 
listed in Table 6). The corrosion morphology is similar to 
sample No. 08. The morphology of porous structure in 
the craters near the crack can be clearly seen in the sec-
ondary electron SEM image (Fig. 7f ). In addition, a few 
crystals with higher  P2O5 content were also found in the 
nearby glaze (P3 in Fig. 7d). Figure 7i is a SEM image of 
a severely corroded area in the glaze, which shows that 
some yellow substances with lower contrast compared 
with the glaze are distributed in the pores and cracks of 
the glaze except for the glaze surface, showing a trend 
of extending from outside to inside. Figure 7g and h are 
the OM and SEM images of the corrosion area near a 
crack. It can be found that the corroded area presenting 

as yellow (area A) extends along the crack to the inside of 
the glaze layer. A small number of substances with lower 
contrast can be found in nearby pores (P4 in Fig.  7h). 
EDS analysis results show that the MgO and  Al2O3 con-
tents are very high, reaching 38.91 wt% and 38.31 wt%, 
respectively, and the  Fe2O3 content is also high (Table 6). 
The morphology and composition of the yellow sub-
stances will be described in detail in the next chapter.

The morphology and composition of the corrosion 
products
To identify the phase components of the yellow area 
on the surface of No. 09, XRD analysis was applied to 
examine two different areas (area 09-1 with yellow sub-
stances and gray area 09-2) of No. 09. The results show 
that the main crystal phases in the gray area are anorthite 

Fig. 6 a and b are the representative Raman spectra of the glass phase recorded at the surface craters and cross-section, respectively; c the plot of 
 A1/(A1000-A0),  A2/(A1000-A0), and  A3-4/(A1000-A0) ratios of the stretching envelope of the Raman spectra after baseline subtraction and de-convolutions

Table 5 Raman component wavenumber  (Qn) and area ratios of bending peak over stretching peak  (A500/A1000) and each component 
in the bending peak  (An/(A1000-A0)) of No. 08

Region A500/A1000 Parameters Q0  (cm−1) Q1  (cm−1) Q2  (cm−1) Q3−4  (cm−1)

Surface crater 1.23 peak position 782 930 1009 1076

An/(A1000-A0) – 0.37 0.18 0.45

Cross-section 1.53 peak position 784 919 1012 1115

An/(A1000-A0) – 0.26 0.24 0.50
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Fig. 7 OM and SEM images of sample No. 09, a and b polished cross-section; c–e a corroded region at different magnification, located near 
a crack at the glaze-body interface in (b), where P1, P2 and P3 in (d) are phase-separation region, short column-like anorthite crystals, and 
phosphorus-containing crystals, respectively; f the rectangle region in (e): the porous structure formed after the corrosion of glass phase; g and h 
a corroded area near a crack, where area A is the corroded area presenting as yellow, and area B shows the Mg-rich substances in the pores; i the 
rectangle region in (a), and the dashed arrow indicates the corrosion path in the glaze layer. f is a secondary electron SEM image and the others are 
backscattered electron SEM images. The marked positions (P1–P4) were examined by EDS and the results were listed in Table 6

(See figure on next page.)

and quartz, while diopside, quartz, and quintinite-3  T 
 (Mg4Al2(CO3)(OH)12·3H2O) are detected in the yellow 
area (in Fig. 8).

Figure 9a is the OM image of the yellow corrosion area 
on the glaze surface of No. 09 and Fig. 9b and c are the 
magnified SEM images. It can be found that the yellow 
corrosion area is mainly composed of a large number of 
nubbly anorthite crystals and the MgO-rich phase with 
low contrast (EDS analysis results are listed in Table 7). 
The MgO-rich phase filled the interspaces between the 
crystals, while the glass phase in the original glaze can-
not be observed. In another position (Fig.  9d), many 
interwoven lamellar substances and a large number of 
densely spaced long rod-like diopside crystals can be 
found (Fig.  9e and f ). The  SiO2 content of the lamellar 
substances is lower than the glaze, while the MgO and 
 Al2O3 contents are very high, reaching 60.98 wt% and 
38.13 wt%, respectively (Table  7). Similar morphology 
can also be observed in the SEM images of the polished 
cross-section of the yellow area (Fig. 9g and i). Figure 9i 
is the SEM image of the interwoven substances in a pore, 
and its composition has higher  Fe2O3 content, reaching 
35.23 wt% (Table 7), which is different from the corrosion 
product on the glaze surface. The MgO/Al2O3 (molar 
ratio) of the lamellar substances in sample No. 09, calcu-
lated using the EDS results, is approximately 2:1, which is 
consistent with the composition of the quintinite phase, 
supporting the XRD results.

Discussion
Corrosion process of celadon
The glaze is a thin glass layer covering the ceramic body 
[28]. Generally, the glaze is considered to be chemically 
stable and able to resist most environmental erosion 
except strong acids and alkalis. The chemical composi-
tion of traditional Chinese ancient high-temperature 
glaze mainly includes  SiO2,  Al2O3, CaO, MgO,  K2O, 
 Na2O,  Fe2O3, etc., and it can be approximatively rep-
resented by  SiO2-Al2O3-CaO(MgO)-K2O(Na2O) glass 
system. Affected by the chemical composition and the 
external environment, the corrosion mechanism of the 
glass presents different characteristics. There are usu-
ally two reaction processes, including interdiffusion (or 
ion exchange) and hydrolysis, but the specific kinetics 

depends on the glass composition, temperature, pH, 
composition and renewal rate of the solution, and other 
factors [29, 30]. In the acidic or neutral conditions, ion-
exchange (or interdiffusion) between hydrogen-bearing 
species  (H+ and  H3O+) in aqueous solutions and modi-
fied ions in glass (such as alkali and alkaline earth metal 
ions) (Eq. 1 and Eq. 2) leads to selective leaching of glass 
elements, and a dealkalinised hydrated layer is usually 
formed on the glass surface [6, 31–35]. As the pH value 
increases (pH > 9), the hydrated glass network gradually 
dissolves by hydrolysis of ionic covalent bonds (Si–O–
Si) (Eq.  3), and local condensation reactions of insolu-
ble species can occur to form a gel [29, 36]. The sea area 
where the Dalian Island shipwreck is located is close to 
the mainland, and the average salinity of the seawater is 
30.46–31.89‰ [19]. The seawater in Fujian, China is a 
weakly alkaline environment, with a pH of about 8.2, and 
the pH value of seawater at different depths has little dif-
ference [37]. Therefore, seawater can be approximately 
regarded as a weakly alkaline salt solution containing 
 Cl−,  Na+,  Mg2+,  SO4

2−,  Ca2+,  K+, etc. In the corrosion 
process of celadon glaze, the ion exchange seems to be 
insignificant, and there is no dealkalinised layer formed 
on the glaze surface, which may be related to the higher 
pH and salinity of seawater. The dissolution process of 
the glass network may be the main reaction in the corro-
sion process, and although the ion exchange reaction also 
occurs at the same time, there is no obvious feature that 
can be distinguished.

From the perspective of microstructure, however, 
in addition to the glass phase, there are a certain num-
ber of unmelted quartz grains and pores in the ancient 
glaze. During the firing process of the high-temperature 
calcium glaze, crystallization, phase-separation, or phase 
separation-crystallization structure can be formed, which 

(1)
≡ Si - O - M+

(glass) +H+

(aq) ↔≡ Si - OH (glass) +M+

(2)

≡ Si - O - M+

(glass) +H3O
+

(aq) ↔

≡ Si - OH (glass) +H2O+M+

(3)
≡ Si - O - Si ≡ +OH−

→≡ Si - OH + ≡ Si - O−
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Fig. 7 (See legend on previous page.)
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depends upon both the chemical composition and the 
firing schedule. The complex microstructure deter-
mines that the corrosion process cannot be considered 
only from the influence of glaze composition. Previous 
studies have focused on the corrosion of crystal phases 
in the glaze. Researchers have evaluated the corrosion 
resistance of different crystal phases on the glaze surface 
of commercial floor tiles and sanitary wares in differ-
ent aqueous solutions [38, 39]. The study on ancient Jun 
glazes buried in the soil environment has shown that the 

wollastonite crystalline phase in the glaze will be prefer-
entially corroded [40].

The chemical stability of the glass is changed to a cer-
tain extent because of the phase-separation structure 
[41, 42], in which the composition of each phase and the 
shape and distribution of the phase-separation structure 
are important influencing factors [42]. The phase-separa-
tion structure in the typical crystalline phase-separated 
glaze in ancient China is usually accompanied by the 
crystallization of anorthite, which is different from the 
relatively uniform phase-separation structure in glass. 

Table 6 Chemical compositions of the marked positions in Fig. 7d and i (in wt%)

Position No. Ratio Na2O MgO Al2O3 SiO2 P2O5 K2O CaO Fe2O3 Possible phase

P1 wt% 3.36 14.43 62.42 5.53 14.25 Glass

mol% 5.33 8.97 65.87 3.72 16.11

P2 wt% 1.25 2.17 26.30 47.19 2.26 20.83 Anorthite

mol% 1.33 3.59 17.04 51.91 1.59 24.54

P3 wt% 3.94 13.60 32.15 50.31 Calcium phosphate

mol% 2.78 16.30 64.60 16.31

P4 wt% 38.91 38.31 18.27 4.51 Quintinite

mol% 57.88 22.35 18.09 1.68

Fig. 8 XRD spectra of glaze surface of No. 09, 09-1 and 09-2 were tested in the area with yellow substances and the gray area with no yellow 
substances, respectively

Fig. 9 The morphology of corrosion products in the glaze of No. 09, a and b are the OM and SEM images of the yellow area on the glaze surface, 
respectively; c the rectangle region in (b); d the rectangle region d in (b): a yellow area on the glaze surface; (e) interwoven lamellar substances in a 
pore; f the long rod-like diopside crystals near the pore in (e); g the polished cross-section of the yellow area; h and i are the magnified SEM images 
for (g): interwoven substances in a pore in the glaze layer. The composition of positions P1–P6 were examined by EDS, and the results are listed in 
Table 7

(See figure on next page.)
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Fig. 9 (See legend on previous page.)



Page 13 of 17He et al. Herit Sci           (2021) 9:104  

Three different morphologies of the phase-separation 
structure are presented due to the inhomogeneity of 
the glaze composition. When the glass composition is 
located in the low CaO content region within the liq-
uid–liquid immiscibility boundary above 950  ℃ in the 
CaO–Al2O3–SiO2 equilibrium phase diagram, the dis-
crete droplet phase should be CaO-rich phase, and the 
glass matrix is the  SiO2-rich phase [43]. At the same 
time, other network modifiers such as iron ions and mag-
nesium ions also tend to be enriched in the CaO-rich 
phase with a large number of non-bridging oxygen atoms 
(NBO).

The tests revealed that the firing temperature of Nos. 08 
and 09 are approximately 1215 ℃ and 1190 ℃, respectively 
(Fig.  10), which are lower than Longquan celadon wares 
with proper firing temperature (1220–1280 ℃ [44, 45]). The 
typical representative is sample No. 06 (1265 ℃) excavated 

from the same shipwreck. Previously the influence of firing 
temperature and chemical composition on the microstruc-
ture of celadon glaze have been discussed, these celadon 
glazes with lower firing temperatures and high MgO con-
tent have a special microstructure different from transpar-
ent glazes. In addition to many crystals on the glaze surface, 
there are also a large number of crystals in the glaze layer 
as a whole, resulting in opaque and matt glaze. In the anor-
thite crystallization-phase separation structure in the glaze, 
the CaO-rich droplets with higher contrast are discretely 
distributed in the  SiO2-rich matrix with lower contrast 
(Figs. 5d and f). Due to the existence of a large number of 
NBO, the CaO-rich phase has lower corrosion resistance 
than the  SiO2-rich phase. On the other hand, the glass phase 
near the crystal interface is also more likely to be corroded 
(Fig. 5f), which may be explained by the less tight arrange-
ment of atoms and more vacancies at the crystal-glass phase 
interface. At the same time, the interstices created by cor-
rosion at the phase interface provide a channel for external 
solution to enter the glaze layer, thereby promoting the cor-
rosion process. With the corrosion of the interface layer, the 
combination of the anorthite crystals and the glass phase is 
gradually destroyed, which causes the shedding of the local 
crystals. Combining the previous research on the celadon 
wares with transparent glaze that is well preserved in the 
same ship, it can be found that the crystallization-phase 
separation structure with lower chemical stability does sig-
nificantly affect the corrosion process in the seawater.

For the glaze with the characteristics of crystallization-
phase separation structure and the specific marine buried 
environment, we propose a possible corrosion process 
in the form of a schematic diagram, as shown in Fig. 11. 
First of all, ion exchange occurred between the glaze 
and seawater, giving rise to the minor alteration of the 
Si–O–Si network. The long-term reaction may lead to 

Table 7 Chemical compositions of the marked positions in Fig. 9c, e, f, and i (in wt%)

Position No Ratio Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Fe2O3 Possible phase

P1 wt% 34.60 30.86 21.82 2.61 2.65 4.50 2.97 Quintinite

mol% 51.48 18.00 21.61 1.65 2.81 3.35 1.10

P2 wt% 0.30 1.97 33.94 41.04 19.32 3.44 Anorthite

mol% 0.33 3.38 22.84 46.87 23.64 2.95

P3 wt% 60.98 38.13 0.89 Quintinite

mol% 79.69 19.54 0.77

P4 wt% 57.94 39.65 2.41 Quintinite

mol% 77.16 20.71 2.14

P5 wt% 17.03 3.75 51.12 27.13 0.97 Diopside

mol% 23.62 2.04 47.18 26.83 0.34

P6 wt% 35.11 25.12 4.54 35.23 Quintinite

mol% 61.82 17.35 5.32 15.51

Fig. 10 Thermal expansion curves of Nos. 08 and 09
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microcracks because of the network contraction, which 
increased the surface available for the reaction [6, 8]. 
The CaO-rich phase-separated droplets are more likely 
to react with seawater and the phase-separated droplets 
were gradually corroded, forming a local porous struc-
ture. Secondly, the porous structure, increasing the local 
specific surface area, which also accelerates the corrosion 
process of the local  SiO2-rich matrix to a certain extent. 
At the same time, the glass-crystal interface becomes 
loose and porous due to the corrosion of the phase-sep-
arated droplets. Finally, as the hydrolysis of  SiO2-rich 
matrix, the interior CaO-rich phase-separated droplets 
are gradually exposed. In the process of alternate disso-
lution of the two separated glass phases, anorthite crys-
tals are also lost and a hole with a size of tens of microns 
is formed. The above steps are not absolute but change 
dynamically under different actual conditions.

The corrosion process will continue to change dynami-
cally as the local corrosion environment changes [5]. 
Finally, different types of the secondary phase precipi-
tated due to the reaction between the released cations 
from glass and the exogenous anions, or the result of 
intense hydrolysis–reprecipitation [30, 46]. The large 
number of corrosion products appearing in the celadon 
from the Dalian Island shipwreck also reflects the com-
plexity of the marine burial environment and corrosion 
process. The formation process of corrosion products 
will be discussed further in the next chapter.

The formation of corrosion products
The buried environment of celadon wares can be indi-
rectly reflected by the corrosion products in the body and 
glaze, which is of great significance to deeply understand 
the influence of the marine environment on the corrosion 
process. The original appearance of sample No. 09 is sig-
nificantly changed because of a lot of yellow substances 
(mainly quintinite phase) on the surface. It is worth 

noting that the yellow substances with a similar compo-
sition was also found in the cracks of sample No. 6. The 
contents of MgO and  Fe2O3 (approximately 14 wt% and 
17 wt%) are much higher than those in the glaze. There-
fore, the high  Fe2O3 content may be related to the corro-
sion of the iron wares carried on the same ship.

Quintinite group minerals are typical layered dou-
ble hydroxides (LDH), which have a similar structure 
to brucite. Its chemical formula can be presented as 
[(M2+

4M3+
2)(OH)12](CO3)·(H2O)3, where  M2+ can be 

 Mg2+,  Fe2+,  Mn2+, and  M3+ can be  Al3+,  Fe3+ [47–49]. 
Among them, quintinite belongs to the quintinite group 
minerals, and the divalent ions and trivalent ions are Mg 
and Al, respectively. Because of the extensive solid-solu-
tion between the Mg and Fe end-members in the quint-
inite group minerals [47], the various compositions of the 
lamellar crystals in different pores (Fig. 9e and i) are also 
related to their formation process.

Since the quintinite phase usually starts to undergo 
irreversible transformation above 400  °C, decompos-
ing into the periclase and the magnesia-aluminum spi-
nel phase [50–52], which means that the substances 
are impossibly formed during the firing process of the 
ceramics. Therefore, the more possibility is that the sub-
stance was formed during the long-term alteration of 
ceramics in seawater. As far as we know, no quintinite 
phase has been found as a corrosion product in ceram-
ics or glass before. It is worth noting that the quintinite 
phase is formed during the alkali-activation process of 
stone wools with high Mg content (Si-rich amorphous 
phase) [53], but the pH value of the solution (NaOH solu-
tion, 6.25 mol/L) is very high. A recent study found that 
the quintinite phase was detected in the ceramic floor 
tiles (Akko Tower Wreck, Akko Port, Israel, nineteenth 
century) in a shipwreck under the sea [54], although its 
source was not specified and it was not directly observed, 

Fig. 11 Schematic diagram of the corrosion process of crystalline phase-separated structure in the glaze in the marine environment
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it is probably also due to the long-term alteration. There-
fore, under alkaline conditions, materials containing Mg 
and Al may be transformed into quintinite phases under 
certain circumstances, although the specific reaction 
conditions and reaction process still need to be studied.

In our research, during the corrosion process of the 
crystalline phase-separated structure of No. 09, the 
corrosion of the phase-separated droplets leads to the 
appearance of the sub-micron porous structure. These 
small holes may gradually connect after further corrosion 
to form porous channels or cracks in the glaze. As seawa-
ter enters, a relatively stable micro-environment (relative 
to the glaze surface contacting with the flowing seawater 
directly) is formed inside these pores [7, 8]. The inter-
nal corrosive micro-environment has a higher S/V value 
(S = exposed surface of glass and V = volume of solution), 
and the material exchange with the external seawater is 
relatively slow, which is conducive to the saturation and 
precipitation of insoluble salts [55]. During the corrosion 
process, the pH value of the local corrosion environment 
probably increases, providing alkaline conditions, while 
 Mg2+ and  HCO3

− ions are provided by the seawater, 
Al, Si, or Fe are from the dissolution of the glaze, Eq. 4 
may occur under certain conditions to form quintinite 
crystals.

The formation process of corrosion products varies in 
different regions, which may be related to the space for 
crystal growth. The space is limited in the small holes of 
the porous structure left by the corrosion of phase-sep-
arated droplets, causing the crystals to not develop into 
good morphology. These corrosion products fill in the 
porous channels and gradually wrap the nearby anorthite 
crystals to form a composite corrosion structure. How-
ever, the loose and porous structure cannot completely 
prevent the ingress of seawater, and seawater could also 
directly enter the interior of the glaze through the cracks, 
which further intensifies the corrosion process. While 
the larger pores in the glaze provide a good growth space. 
After seawater enters and fills the pores, the ions in the 
solution are gradually saturated with the corrosion pro-
cess, leading to the formation of a well-developed lamel-
lar structure. In Fig. 7i we have found that defects such as 
pores and cracks are usually fast corrosion paths in the 
glaze layer, which provide spaces with different volumes 
for the formation of corrosion products.

(4)

4Mg2+ + 2Al3+ +HCO−

3 + 13OH−
+ 2H2O →

[(

Mg4Al2
)

(OH)12
]

(CO3) · 3H2O

Generally speaking, the corrosion products in the glaze 
are formed under specific conditions, which are closely 
related to the marine buried environment and the origi-
nal glaze composition. The porous structure formed by 
the corrosion of crystalline phase-separated structure, as 
well as cracks, pores, and other specific structures in the 
glaze also play an important role in the formation of cor-
rosion products.

Conclusions
The two Longquan celadon wares from the Dalian 
Island shipwreck of the Yuan Dynasty have been buried 
under the seabed for more than 600 years and corroded 
severely. This paper analyzed the microstructure and cor-
rosion products of the samples, and the following conclu-
sions are obtained:

1. The severely corroded opaque matte glazes belong to 
the products with lower firing temperatures in Long-
quan celadon. They have a special anorthite crystalli-
zation-phase separation structure with lower chemi-
cal stability, which is an important reason affecting 
the corrosion process of the glaze in the marine envi-
ronment.

2. The corrosion process of the glaze with anorthite 
crystallization-phase separation structure can be 
roughly divided into three stages, including ion 
exchange, hydrolysis of silicate glass network, and the 
shedding of the crystals. The CaO-rich phase-sepa-
rated droplets and the crystal-glass interface layer are 
preferentially corroded, forming the porous struc-
ture, which accelerates the hydrolysis of the  SiO2-rich 
matrix. Eventually, the anorthite crystals are also lost 
and a large-sized hole is formed.

3. The corrosion products in the glaze are mainly quint-
inite group minerals. The formation process is closely 
related to the corrosion of the celadon and the exter-
nal marine environment. The porous structure and 
cracks in the glaze promote the process, and pores 
provide enough space for crystal growth.
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