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Abstract
In this paper, optical microscopy, SEM–EDS, Raman and FT-IR analyses were used to investigate different types of corrosion product between layers of glaze and body of Kraak porcelain objects that were excavated from “Nan’ao I” shipwreck, the South China Sea. Several contaminants including NaCl, CaSO4·2H2O, FeOOH and FeS2, were found in many of the pores and cracks of the porcelain objects from Jingdezhen Kiln and Zhangzhou Kiln, even after conservation. While compared with the sample of Jingdezhen Kiln, the contaminants in the sample of Zhangzhou Kilns much more severely. The research pointed out that these contaminants were formed due to the marine environment influence and cross-contamination with other metal relics located in the shipwreck, and more contaminants formed in porous structure, hence reduce the porcelain quality. As regards to conservation, the fragility of ceramic objects from underwater contexts are likely to be caused by various kinds of insoluble ferrous salts and its phase transition pressure. Previous studies on this kind of remains tend to focus on the macro-insoluble salts on the enamel surface. In this paper, preliminary investigations were performed for the first time on different kinds of inner micro-corrosion product in China.
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Introduction
Kraak porcelain was one of the most famous and fashionable manufactures exported to the entire European continent, when in the period from the Jiangjing reign late-Ming dynasty to the Qianlong reign early-Qing dynasty (~ 1550 A.D. to 1700 A.D.) [1]. It played an essential role in the ancient Maritime Silk Road, and exerted a significant influence in oversea ceramic trade. The “Nan’ao I” shipwreck, which contains over 20,000 Kraak porcelain items, was preliminary identified as a merchant ship of the Jiajing to Longqing reigns (~ 1522 A.D to 1572 A.D.), a period marked by the beginning of an open-sea policy of ancient China. The ship most likely set sail from Port Yue of Zhangzhou city, Fujian province, then travelled to Japan, Kory, Ryukyu through Taiwan, Lusong, the Pescadores Islands, and then it voyaged to Europe via Southeast Asia, West Asia and Africa. This marine trade route is considered as one of the critical elements in the Manila Galleon [2].
The “Nan’ao I” shipwreck which located in Nan’ao island, was discovered by archaeologists from Guangdong institute of cultural relics and archaeology in May 2007. The shipwreck is 25.5 m long and 7.8 m wide and it sank at a depth of 27 m underwater. It has 26 compartments, thus being one of the biggest ships of the Ming dynasty ever found in China [3]. Some of the main excavated artifacts from this shipwreck include ceramics, Kraak porcelain, ironware, bronze ware, tin ware, gold ware, woodenware and stoneware. Among them, Kraak porcelain items account for 90% of the remains [4].
The most common types of diseases that affected porcelains of “Nan’ao I” shipwreck are fragmentation, contamination, peeling of glaze and discoloration. Given the underwater conditions where these materials have been deposited, and its proximity with other materials and marine organisms, they can present fragility and a concretionary surface. Other scholars have previously determined that the surfaces of marine contexts are usually covered with insoluble salts, such as calcium carbonate, calcium sulfate and ferrous compounds, as well as corals and shells. These deposits and crusts on porcelain are caused by long-term marine deterioration, such as seawater corrosion, mineral sedimentation, marine bio-fouling and marine microbial degradation [5–7].
Furthermore, underwater ceramics are generally saturated with soluble salts, mainly NaCl, which were deposited in the porous structure. The repeated crystallization of residual salts through the porous structure of ceramics due to changes in temperature and relative humidity would lead to body cracks and glaze flake off, which would accelerate the degradation [8, 9]. Thus, the body of the porcelain can be damaged via physical and chemical transformation [10]. Contaminants including various concretion and soluble salts should decrease the quality of Kraak porcelain and are potentially dangerous to the integrity of porcelain. Therefore, the study of specific contaminants and their potential damage, as well as the strict conservation method for underwater porcelain has profound significance.
Conservation scientists mainly focus on the removal of different types of surface insoluble and inner-body soluble salts, as well as their potential damage and preservation of underwater ceramics [5–11]. Studies have shown that underwater ceramics may be stable after the desalination process of soluble salts and the removal process of insoluble salts. Hitherto, few reports have discussed the study of different types of insoluble salts in the inner-body and their potential damage to porcelain. Therefore, in this work, optical microscopy, SEM–EDS, Raman, XRD and FT-IR analyses were employed to observe the different types of corrosion between the glaze and body of Kraak porcelain obtained from “Nan’ao I” shipwreck, which were excavated from the South China Sea. The results indicate that there are numerous contaminants, such as NaCl, CaSO4·2H2O, FeOOH and FeS2, located in the pores or cracks of the porcelain inner-body. The ferrous sediments formed due to the sea environmental corrosion and the cross-contamination from other underwater ferrous artifacts are very difficult to remove from the porcelain and could cause much more severe damage than the soluble salts.

Materials and methods
Materials
A shipwreck of the Ming dynasty was discovered in Nan’ao Island, Shantou city, Guangdong province and was named “Nan’ao I” shipwreck. The surrounding area is part of the South China Sea, branch of the Kuroshio Current. The seawater temperature around the “Nan’ao I” shipwreck is between 22 and 24 °C in winter, and between 22 and 30 °C in summer. The tide range is from 1.0 to 3.0 m, flow velocity range is from 80 to 100 cm/s, and surface layer salinity is between 34.6 and 35.0‰. The compounds with content of more than 1 mg/L in the South China sea water are Na+, Mg2+, Ca2+, K+, Sr2+, Cl−, SO42−, HCO3−, Br−, F−, and H3BO3. There are also several kinds of ores around this area on the offshore shelf, such as ilmenite, zircon, rutile, monazite, and garnet. Various marine animals including calcareous and siliceous microorganisms live in this area [12].
After three excavation seasons (2007, 2011 and 2012) at the “Nan’ao I” shipwreck, archaeologists found 30,000 items, among which Kraak porcelain accounts for a significant proportion [13]. Typology and microelement analysis indicate that Kraak porcelain on “Nan’ao I” has two different provenances, one is from Jingdezhen kiln in Jiangxi province and the other one is from Zhangzhou kiln in Fujian province [14, 15]. Previous studies indicated that the artifacts from Jingdezhen kiln are world-renowned [16]. These porcelain items are fine and smooth, the bodies are white and thin, the glaze is bright and glossy. The Kraak porcelain from Jingdezhen kiln remains in good condition. However, the porcelain items from the Zhangzhou Kiln are different, the bodies are grey and thick, the cracked glaze is turbid and uneven, and the entire porcelain has an excessively weak appearance. This porcelain was rinsed, cleaned, desalinated, protected from light and stored under stable temperature and humidity conditions.
Two representative Kraak porcelain samples as very preliminary analysis objects are discussed here. ZZ-QH porcelain sample is from Zhangzhou kiln which has severely cracked glaze and a large number of orange colored stains. JDZ-QH sample is from Jingdezhen kiln which has a delicate appearance and a few orange colored stains (Fig. 1). A large number of blue and white porcelain items were found in the “Nan’ao I” shipwreck. Among them, the following two pieces were selected because they contain different types of damages and can represent two different kinds of preservation due to their respective preserve conditions, which in turn depends on the raw materials and preparation process.[image: A40494_2019_328_Fig1_HTML.jpg]
Fig. 1The Kraak porcelain samples from “Nan’ao I” shipwreck. a, b A piece of blue and white porcelain from Zhangzhou City. c, d A piece of blue and white porcelain from Jingdezhen City







Methods
The samples were first cut into small pieces, then microscopy, SEM–EDS, Raman, XRD and FT-IR analyses were used to observe the different types of corrosion in the porcelain.
A dual light path microscope (Olympus BX51, Japan) was used to study the morphology and observe the damages on the surface and cross-section of these samples.
A scanning electron microscope (SEM, Hitachi S-3600N, Japan) and X-ray energy disperse spectrometer (EDS, Genesis 2000XMS) were used to observe the micro-contaminations at high magnification and analyze their elementary composition. The sample was sprayed with gold and then pasted on to the SEM sample platform with carbon conductive adhesive. The acceleration voltage was 20.0 kV. The orange stains on ZZ-QH were analyzed by micro Raman spectroscopy.
The micro Raman spectra were recorded by a confocal-micro-Raman spectrometer (LABRAM-HR, France) at room temperature employing 514.5 nm argon-ion laser. The wave number range of 100–2800 cm−1 was selected, the instrument’s precision is ± 1 cm−1, and its spot size is 1 mm.
Fourier transform infrared spectroscopy (FT-IR, MAGNA-IR 750, Nicolet Instrument Co., U.S.A) with KBr pellet method was used to analyze the salt crystals on the surface of porcelain glaze. The spectrum range was from 400 to 4000 cm−1, and the maximum resolution was 0.1 cm−1.
X-ray diffraction (XRD, Rigaku D/max-rA, Japan) with rotating target method was used to examine the coagulum on the bronze ware, ironware and woodenware obtained from the “Nan’ao I” shipwreck. This analysis aimed to find the possible source of the contaminants on the porcelain, for the seawater and porcelain do not contain enough elements to form the micro coagulum. The XRD analyses were performed with Cu target Kα radiation, voltage of 40 kV, electric current of 100 mA, scan angle range from 10° to 70°, and scanning speed of 4.00°/min.

Analysis results
Microscope observation
At a magnification of 100, it was observed that ZZ-QH had a large number of orange colored stains and cracks with contaminants on the surface. The body was entirely covered by orange colored contaminants. On the surface of JDZ-QH sample, there were hardly any stains or cracks. However, through the picture of a section of JDZ-QH sample, the stains were found concealed below the surface. Unlike the ZZ-QH sample, the glaze of JDZ-QH was bright and smooth, and the body seemed pure white. At a magnification of 200, it was found that the orange stains on the ZZ-QH sample had an average diameter of about 200 µm. Minute orange stains of JDZ-QH were seen through the surface (Fig. 2). The appearance of the orange stains was quite clear under the microscope observation, and the composition of the stains needed to be determined by additional tests.[image: A40494_2019_328_Fig2_HTML.jpg]
Fig. 2Microscopy images of the samples from “Nan’ao I” shipwreck. a–c The porcelain sample from Zhangzhou kiln in Fujian province, d–f micrographs of the porcelain sample from Jingdezhen kiln in Jiangxi province, (a, b, d, e) surface of the porcelain items, (c, f) cross sections of the porcelain items. a, d, c, f Images shot in a magnification of 100, b, e images shot in a magnification of 200. b A close view of the orange colored stain






SEM–EDS results
SEM–EDS results of ZZ-QH showed that there were three distinct forms of contaminants, such as crystals of acicular, nodular and spherical morphology (Fig. 3). The main components of acicular crystal were Fe and Si, and it also contained small amounts of S, Cl and Al. The main element of the nodular crystal was Fe, and the minor elements were Si and Al. The main components of the spherical crystal were Fe and S, with a small amount of Si. These contaminants may have a severe impact on the structure of ZZ-QH resulting in physical instability.[image: A40494_2019_328_Fig3_HTML.png]
Fig. 3SEM images and elemental composition of ZZ-QH and JDZ-QH, a circular crystal in ZZ-QH, b nodular crystal in ZZ-QH, c spherical crystal in ZZ-QH, d sediments in the crack of JDZ-QH, e sediments in the pore of JDZ-QH





SEM–EDS results of JDZ-QH showed that the salts filled in the pores contained elements such as Si, Fe, Na, K, Ca, and Cl. The cracks were filled with contaminants having Fe and Ca as the main elements, and Pb, Cl, and Al as the minor elements. The complex pollutants of JDZ-QH can cause potential damage to porcelain and hinder its preservation efforts (Fig. 3). Pores are from the original structure of the porcelain while the cracks were resulted from the longtime immersion in seawater. This is likely to be related with different combinations of salts which produce different types of damage.
The current status of ZZ-QH and all the other porcelain from Zhangzhou kiln was inferior to that of JDZ-QH and porcelain from Jingdezhen kiln. The contaminants and salts found on the ZZ-QH sample were more diverse and much higher compared to the JDZ-QH sample.

Raman results
Raman spectroscopy was utilized to detect the molecular structure of the orange stains on the surface of ZZ-QH. The main spectrum peaks were at 250.4 cm−1, 300.5 cm−1, 377.5 cm−1 and 526.4 cm−1, which were characteristic peaks of γ-FeOOH (lepidocrocite) [17, 18] (Fig. 4).[image: A40494_2019_328_Fig4_HTML.png]
Fig. 4Raman spectrum of orange stain






FT-IR results
After excavated from the marine environment, the porcelain was transported into the laboratory, and immersed in seawater simultaneously in order to ensure the preservation conditions consistent with ocean burial environment. Then the selected samples were taken out and putted in a dry environment for examinations for about 24 h, hereafter, a small amount of salt crystallized was found on the surface of JDZ-QH. The FT-IR spectrum showed peaks at 602.38 cm−1, 669.77 cm−1, 1116.44 cm−1, 1621.08 cm−1, 3405.77 cm−1 and 3546.98 cm−1, which were consistent with the infrared standard peaks of CaSO4·2H2O [19] (Fig. 5). This is in accordance with the EDS results which showed the presence of calcium (Fig. 3).[image: A40494_2019_328_Fig5_HTML.png]
Fig. 5FT-IR spectrum of salt crystal on the surface of ZZ-QH







Discussion
The experimental result of primary study on the micro-contaminants from underwater Kraak Porcelain, which indicated the disease types, disease sources and potential dangers of the contaminants of JDZ-QH and ZZ-QH were differ in degree rather than in kind.
Disease types
Different types of contaminants with elemental components of Fe, S, Ca, Na, Mg, Cl were found in the pores or cracks of the porcelain items by SEM-EDS. Among several contaminants, FeOOH and CaSO4·2H2O are confirmed by Raman spectroscopy and FT-IR analysis. Moreover, based on the research on harmful salts in underwater porcelain, it can be inferred that there are two kinds of harmful salts in the inner part of the porcelain. One is soluble salt, such as NaCl [8, 11]. The other is insoluble salts, such as FeOOH, FeS2, and CaSO4·2H2O.

Disease sources
These two types of diseases mentioned above (stains and cracks) are a result of a long term burial in the marine environment. Sources of the contaminants probably from seawater and/or other associated items in the shipwreck.
It was showed that, sea water contains a large number of ions, such as Na+, K+, Mg2+, Ca2+ and Cl− [20], and its pH value is stable in the range of 7.8–8.2. Slightly alkaline surface waters with a large number of ions make an undesirable environment for porcelain preservation [21]. These ions have small ionic radii (Na+: 102 pm, K+: 138 pm, Ca2+: 100 pm, Fe3+(hs): 65 pm, Cl−: 167 pm). Therefore, they can quickly enter to the porcelain through pores (about 50–100 µm), and finally cause corrosion and precipitation of sediments inside the porcelain. According to the detrital mineral grains statistics of Northern South China Sea, the average content of magnetite (Fe3O4) is 3.9%, and its kurtosis is 9.3. The average content of pyrite (FeS2) is 2.4%, and its kurtosis is 51.6 [22]. These data indicate that Fe and S are common elements in seawater. Moreover, it has been reported that FeS2 generally exists in artifacts excavated from the marine environment [23–25].
The redox in seawater influences the contaminant formation and transformation, and the process could be described by the following reactions:[image: $${\text{SO}}_{ 4}^{ 2- } + 9 {\text{H}}^{ + } + 8 {\text{e}} \rightleftharpoons {\text{HS}}^{ - } + 4 {\text{H}}_{ 2} {\text{O}}$$]

 (1)


[image: $${\text{ClO}}_{ 3}^{ - } + 6 {\text{H}}^{ + } + 6 {\text{e }} \rightleftharpoons {\text{ Cl}}^{ - } + 3 {\text{H}}_{ 2} {\text{O}}$$]

 (2)


[image: $${\text{Fe}}\left( {\text{OH}} \right)_{ 3} + {\text{H}}^{ + } + {\text{e}}^{ - } \rightleftharpoons {\text{Fe}}\left( {\text{OH}} \right)_{ 2} + {\text{H}}_{ 2} {\text{O}}$$]

 (3)


[image: $${\text{Fe}}\left( {\text{OH}} \right)_{ 2} + {\text{H}}^{ + } + {\text{e}}^{ - } \rightleftharpoons {\text{FeOH}}^{ + } + 2 {\text{H}}_{ 2} {\text{O}}$$]

 (4)


[image: $${\text{Fe}}^{ 3+ } + {\text{e}}^{ - } \rightleftharpoons {\text{Fe}}^{ 2+ }$$]

 (5)



The above chemical equations are reduction reactions in the marine environment from left to right, and oxidizing reactions from right to left. Equation (1) describes variation of the content of pyrite and its transformation, Eq. (2) describes the modification of the content of sodium chloride, and Eqs. (3), (4) and (5) describe variations of the content and conversion of iron hydroxides, from ferric hydroxide to ferrous hydroxide. Thus, as the environment changes, some of the crystals of soluble salts and contaminants would deform and cause damage in the vicinity.
The “Nan’ao I” shipwreck contains artifacts made of diverse materials such as ironware, bronze ware and woodenware. After the metal material was eroded by the seawater, the corrosion products might interact with each other or were transported by seawater from one object to another. Generally, high salinity environment can turn Fe into FeOOH easily and FeS2 is widespread in the wooden material in the sea. Other kinds of ferrous contaminants could come from the ironware corrosion [26, 27]. To evaluate whether cross-contamination occurs in the marine environment, sediments in different kinds of artifacts were analyzed by XRD. It was found that there was FeS2 in woodenware, FeFe2O4 and Fe8(O, OH)16Cl1.3 in bronze ware and FeOOH in ironware. From the XRD results (Fig. 6), it can be seen that different kinds of iron chemical compounds exist in different kinds of artifacts in the shipwreck. Therefore, it can be confirmed that cross-contamination occurred in the marine environment among all of the remains.
Marine microorganisms can cause biodegradation and biodeterioration, and cause several kinds of inorganic products including ammonia, nitrate, phosphate, carbon dioxide and hydrogen sulfide. These products might also affect the contaminants and salts formation in the porcelain body. These processes should be further explored in the future.[image: A40494_2019_328_Fig6_HTML.png]
Fig. 6XRD analysis of sediments of a wooden, b bronze and c iron materials





Potential dangers
An previous study suggested that the dissolving and recrystallization process of NaCl can lead to a fracture pressure of 221.9 mPa (2190 atmospheres equals to 221.9 mPa). High-pressure expansion or constriction in a small pore or crack can cause a detrimental impact in porcelain on a micro level [28]. Previous studies also reported that the repeated crystallization process of NaCl is the main cause of porcelain glaze cracking and peeling off [29]. However, as it was shown above, NaCl, CaSO4·2H2O, FeOOH and FeS2 are all found in the pores and cracks of the two kinds of porcelain items. The phase transition pressure of Fe2O3, FeOOH, and FeS2 can reach up to 60–120 GPa [30–32], which is at least 270 times higher than the dissolving or crystallization pressure of NaCl. Theoretically, it can be inferred that ferrous contaminants can cause severe damage to the underwater porcelain.

Potential dangers to JDZ-QH
Deionized water desalination method was used for JDZ-QH to preliminarily investigate the effect of ferrous contaminants. After 1 day of soaking, it was found that the NaCl crystals in the crack disappeared, but the ferrous contaminants expanded and the crack enlarged. The changes in size are shown in Fig. 7, and it can be seen that the amount of maximum deformation was 147%. This data indicates that, the ferrous contaminants can increase the crack size or make the pores irregular.[image: A40494_2019_328_Fig7_HTML.jpg]
Fig. 7Morphological change of contaminants after soaking for 1 day in deionized water, a before b after (the NaCl disappeared and the Fe contaminant grew)





During drying, iron salts may expand to fill voids caused by unrelated forces. They may also grow to provoke fractures. Any reduction in the concentration of the ionic matrix (e.g., desalination bath) may cause a change in the separation of micro-cracks through alteration of Van der Waals forces, which may cause an expansion in the cracks filled with ferrous salts.

Potential dangers to ZZ-QH
As showed in Figs. 1 and 2c, the cracks at the porcelain are filled with orange contaminants, after the above experiments we can speculate that this orange contaminants are probably ferric or ferrous compounds. And deterioration of ZZ-QH caused by these contaminants is megascopic, the cracks are already been broadened and a whole porcelain item could rupture during the deionized water immersion.


Conclusion
The analyses conducted on two pieces of Kraak porcelain from the “Nan’ao I” shipwreck showed that NaCl was not the only inner contaminant. Other major contaminant presented below the glaze surface were FeOOH, FeS2 and CaSO4·2H2O, which originate from the marine environment and from corrosion interaction with other materials in the “Nan’ao I” shipwreck. It was much more difficult to remove ferrous contaminants from the inside of the porcelain than NaCl, and the potential damage of ferrous contaminants is likely to be much more severely. The phase transition pressure of ferrous contaminants was as high as 60–120 GPa, which is at least 270 times higher than the dissolving or crystallization pressure of sodium chloride and could broaden the cracks in porcelain within a short time. Therefore, more attention should be given to the ferrous contaminants and their concealed danger in the conservation work of underwater ceramics. Thus, We can avoid porcelain crack and shatter more likely if we remove ferrous contaminants of the porcelain items in the first place than just immerse them in water. But how to remove the ferrous contaminants safely still need to be study.
This experiment suggests that ferrous contaminants are more destructive than NaCl. As this is the first study mainly focus on this topic in China, more experimentation need to be done in order to clarify or deepen into the degradation process triggered by the ferrous contaminants.
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