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Abstract
Silicon materials containing fluorine with similar nanoscale particles (SIC-1 and SIC-2) and organic silicon resin materials with excellent hydrophobicity (SIC-3) were selected to deal with glaze shedding and damage of glazed tiles in ancient buildings. Experimental analysis on the hydrophobic properties and microscopic morphology of the materials, as well as the changes of the surface temperature and the shedding rate of glaze layer after adding protective materials indicated: the thermal expansion differences and the shedding rate of glaze layer following sharp changes of temperature and humidity had been decreased. In particular, with the help of protective material SIC-2, a silicon material containing fluorine, there was the smallest change in the color of the glaze layer; the hydrophobic property and the water vapor transmittance of matrix were also improved. In a nutshell, the results showed that the addition of these protective materials alleviated the effects of radical temperature and humidity changes on glaze layer and matrix, and effectively delayed the occurrence of glaze shedding.
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Introduction
In the 4th Century AD, China began to use glazed products as a unity of pragmatism and art in architecture. Since then, glaze has become inseparable from architecture with its gorgeous color and preferable waterproof performance [1]. The most typical example is the ancient glazed tiles in Beijing Palace Museum, with exquisite modeling, varieties of patterns and themes.
At present, large areas of glaze shedding and other serious damages appeared on magnificent ancient glaze tiles in the Palace Museum. Yanxi Tang of Yangxin Hall is taken as the most typical example, and the composition, morphology, thermal properties and others properties of glaze layer and matrix were analyzed. Results showed that under the cyclic changes of summer heat and sudden rain conditions, uneven distribution of thermal stress on the interface between glaze layer and matrix became one of the most important factors for the shedding of glaze layer [2].
Considering that the glaze shedding on ancient buildings was resulted from sharp temperature and humidity changes, the prevention of “drastic changes” should be deemed as a crucial solution to the problem. Thus, in addition to traditional physical and mechanical cooling methods, the method of applying appropriate protective coatings can also be selected to decrease the residence time of rain on the glazed tiles.
Although few literatures focus on the protection for glazed tiles, there have been some studying the maintenance of similar materials such as potteries and ancient stones. For instance, Primal SF, Paraloid B72, acrylates [3–7] and composite materials [8] as B72 and Remmers300 were employed extensively. Meanwhile, hydrophobic nanomaterials with tetraethoxysilane (TEOS) and hydroxyl-terminated polydimethylsiloxane (PDMS) in the presence of nonionic surfactants were applied to stone restoration [9, 10]; several modified ethyl silicate consolidants [11], organosilane consolidants [12–14], copolymers of fluorinated acrylates, methacrylates with unfluorinated acrylates, methacrylates and vinyl ethers [15–21], as well as polyhydroxybutyrate and poly-l-lactide [22] were synthesized; the properties on adhesion, water repellency and intrinsic photostability of these materials were compared.
However, when these materials are used in glazed tiles, it is difficult for them to penetrate into the matrix and a thin film on the surface could be formed, which would result in the color deepening and poor air permeability of the protected glazed tiles. In this study, fluoride silicon materials and hydrophobic nanomaterial with tetraethoxysilane (TEOS) and hydroxyl-terminated polydimethylsiloxane (PDMS) with excellent hydrophobic property have been selected. Furthermore, the molecular structure and microstructure of the protective materials as well as the protected properties of glazed tiles have been analyzed respectively. The results provide valuable information for preventing or slowing down the continuous shedding of the glaze in ancient architectures.

Experiment
Glazed tile samples
Due to the rarity, scarcity and importance of information contained in the glazed components of ancient buildings in Palace Museum, the glazed tile fragments with incomplete glaze layer and no detailed chronology of Yanxi Tang in Yangxin Hall are selected.

Protective materials
Protective materials, SIC-1 and SIC-2, are synthesized by Stober Method [23]. Specifically, they are reacted for 8 h with fluorine-containing polymer 1H, 1H, 2H, 2H-perfluorooctyl triethoxylsilane (0.5 g) and SiO2 particles [24] in different particle sizes at the catalyzing of ethyl orthosilicate (5 ml) with ethanol or water. These are solvent-based and water-based materials with similar nanoscale particles and main components of F and Si elements. Meanwhile, SIC-3 is a hybrid material prepared by ethyl orthosilicate and hydroxy-terminated polydimethylsiloxane [25, 26]. The materials are placed on a 75 × 25 × 1 mm3 slide to form a film, and the molecular structure and thermal stability are tested.
After the protective materials with a concentration of 5% are sprayed to the surface of glazed tile samples, the color, surface hydrophobicity, surface micromorphology and glaze shedding rate under drastic changes of temperature and humidity are tested respectively.

Test conditions and simulation test methods
Infrared spectrum (FTIR-ATR): The infrared spectrum curve of the protective materials is tested with the ATR attachment of American Thermo Scientific Nicolet iS50 Fourier infrared spectrometer (FTIR). The wavelength range is 500–4000 cm−1; the spectral resolution is greater than 0.09 cm−1, and the wave number accuracy is greater than 0.01 cm−1.
Micromorphology: JSM-6700Fscanning electron microscopy with energy dispersive X-ray (SEM–EDX) of JEOL Company in Japan is adopted. Scanning electron microscope is used to observe the microstructure of glaze layer and the surface of the glaze matrix, and the distribution of related components is determined by the energy dispersion spectrometer.
Color change: Color changes of the glaze surface and the matrix before and after the addition of protective materials are tested by CM-700d spectrophotometer (Japan). The data L*, a*, b*in CIE L*a*b* color model with artificial daylight 6500 K are tested, in which the L means the lightness value, ∆L is the lightness difference, the a is the value of red and green color changes, +a is the increase of red and −a is the increased of green, b is the value of yellow and blue changes, +b is the increased of yellow and −b is the increased of blue. The color changes of samples are calculated by the formula [image: $$ \Delta {\text{E}} = \sqrt {\left( {\Delta {\text{L}}} \right)^{2} + \left( {\Delta a} \right)^{2} + \left( {\Delta b} \right)^{2} } $$], normally, the materials should not be selected when ΔE > 5.
Hydrophobicity: JC2000C1 contact angle measuring instrument (Shanghai Zhongchen Digital Technic Apparatus Co., Ltd.) with the suspension drop method is used to test the changes of contact angle in glaze layer and matrix before and after the addition of protective materials.
Water vapor permeability: According to the “hygrothermal performance of building materials and products-Determination of water vapor transmission properties” [27], water vapor is made to flow from the high humidity to the low humidity through the surface materials on the water container. Calculate the mass change of water vapor and then calculate the water vapor diffusion coefficient according to the formula:[image: $$ \mu = ({\text{P}} \times \delta {\text{L)}}/\left[ {{\text{M}}/\left( {{\text{t}} \times {\text{S}} \times {\text{d}}} \right)} \right] $$]

 (1)


In this formula, t stands for the time (h), M for vapor diffusion weight (kg), S for the area (m2), P for water vapor pressure at tested temperature (Pa), d for the tested material thickness (mm), δL for the constant of water vapor in the air, is 7.02 × 10−7 (kg/m h Pa); the greater μ value of resistance to water vapor diffusion coefficient is, the stronger the ability to resist the diffusion of water vapor is, and the worse the material permeability is. As the glaze layer has preferable hydrophobicity and density, permeability test is mainly used in glaze matrix. The concrete experiment method is as follows: cement gum is adopted to seal the contact interface of protected matrix and the water container; the diameter and thickness of the matrix through which the vapor passes are 25 mm and 2 mm respectively; put the container in a chamber with a constant temperature of 90 °C; weigh the mass change of the container within a certain period of time, and calculate the water vapor resistance diffusion coefficient μ value according to Formula (1).
Surface temperature: Drastic change of environmental temperature and humidity is one of the main factors for the loss of glaze, thus, it is particularly essential to monitor the change of surface temperature of samples treated with protective materials. T450sc infrared thermal imager of American FLIR is adopted to obtain the temperature distribution of the whole area, with the infrared resolution of 320 × 240 pixels and the wavelength range of 7.5 ~ 14 microns.
Thermal expansion coefficient changes: Germany Netzsch DIL402C thermal expansion instrument is adopted and the test temperature is 25 °C ~ 300 °C, which is close to the natural environment. Meanwhile, the thermal stability of the protective materials is maintained. The heating rate is 5 K/min; the flow rate of N2 is 2L/h and the mandrel pressure is 0.4 N.
Glazing shedding rate: In order to trigger the damage of glaze layer caused by high temperature and sudden outdoor rainfall in summer, which can be commonly observed in ancient glaze components, the modern glaze samples protected by different materials are selected for the test after being dried in an oven at 100 °C and immersed in a mixed solution of ice water at 0 °C for 4 h respectively for several times. The repeated cycle of the samples and the changes of the glaze layer are recorded. The number of ancient glaze samples for each group is no less than five pieces, with a size of about 50 × 50 × 15 mm3. The changes to morphology and deglaze of the samples under different experimental conditions are also recorded.
Professional image analysis software is adopted to calculate the loss rate of glaze surface (σ/%). The ratio of pixel between the shedding part of the glaze image (Sshedding glaze) and the whole original glaze surface (Soriginal glaze) is used for comparative analysis. The specific calculation method is: σ(%) = Sshedding glaze/Soriginal glaze × 100%.


Results and discussion
Performance analysis of protective materials
Microstructure and molecular structure of the selected protective materials are tested by FTIR-ATR and SEM–EDX. It is found in the molecular structure of the tested materials that Si–O–Si absorption peaks of SIC-1 and SIC-2 in Fig. 1 are obverted at 1050 cm−1 and 1070 cm−1 respectively; typical stretching vibration peak of C-F occurs in 1200 cm−1 and 1140 cm−1, among which the C-F stretching vibration peak intensity of SIC-2 is higher. After observing the nanoclusters with granular distribution on the surface of SIC-1 material after curing in Fig. 2, we can find that the particle diameter is mainly 50–200 μm, including the ones of 150 μm with the largest proportion; protuberant particle composition is mainly dominated by F, Si elements, and the height of the raised is about 70 μm.[image: A40494_2020_380_Fig1_HTML.png]
Fig. 1Infrared spectrum curves of SIC-1 and SIC-2



[image: A40494_2020_380_Fig2_HTML.jpg]
Fig. 2Microstructure of a SIC-1 and b SIC-2 materials with depth of field microanalysis




The protrusion structure is similar to that of nanoscale particles in lotus leaf, where water on these tiny particles does not spread to the other directions of the materials’ surface, but tends to form spheres (as shown in Fig. 2a).There is granular distribution on the surface of SIC-2, with particle diameter being 10–80 μm. The components of the protuberant particles are mainly F and Si elements (Fig. 3), with a height of about 38 μm. Compared with the SIC-1, the smaller the diameter of protuberant particles in SIC-2 is, the better the hydrophobic performance is (Fig. 2b).[image: A40494_2020_380_Fig3_HTML.png]
Fig. 3Microstructure and element distribution of protective materials (a) SIC-1 (b) SIC-2 with SEM-EDX




Different from fluoride silicon materials of SIC-1 and SIC-2, SEM and infrared spectra of the synthesized silane material SIC-3 in Fig. 4 indicate the organic combination of TEOS hybrid materials with 5% of hydroxyterminated polydimethylsiloxane. They also show that the stretching vibration absorption peak of Si–CH3 appears at 1295 cm−1 and 798 cm−1 in the infrared spectrum curve; obvious Si–O–Si absorption broad peak appears in 1070 cm−1.The organic components and inorganic components of the materials are closely combined, and the structure is relatively uniform. The inorganic particles are distributed inside the organic layer, and the size of the particles is about 100 nm (Fig. 4a). The two phases are well compatible with each other and exhibit good uniformity at the macro level.[image: A40494_2020_380_Fig4_HTML.png]
Fig. 4Microstructure (a) and infrared spectrum curve (b) of SIC-3 material





Performance analysis of protective materials applied to glaze samples
Different protective materials are sprayed to surface of glaze fragments. The curing time of SIC-1 and SIC-2 is very short, i.e., about 3–5 min, while that of SIC-3 is relatively long, i.e., about 2 h. After the materials are completely cured, the properties of color, hydrophobicity, microscopic morphology, water vapor permeability, as well as the surface temperature and glaze shedding rate are observed specifically.
Color change: The color changes of the glaze layer before and after the addition of protective materials are calculated to be 3.23, 2.10, 3.25, while those of the matrix are 1.76, 3.11 and 5.47, respectively. By contrast, the addition of SIC-3 has a greater influence on the color of glaze layer and matrix, especially for the lightness ΔL (Table 1), the change of SIC-3 matrix is obvious.Table 1Color changes of glazed samples protected by materials


	Sample name
	ΔL*
	Δa*
	Δb*
	ΔE

	SIC-1 glaze layer
	− 1.32
	0.70
	2.87
	3.23

	SIC-2 glaze layer
	− 1.46
	0.85
	1.26
	2.10

	SIC-3 glaze layer
	− 1.93
	1.37
	2.23
	3.25

	SIC-1 matrix
	0.68
	− 0.22
	1.62
	1.76

	SIC-2 matrix
	− 2.38
	1.30
	1.54
	3.11

	SIC-3 matrix
	− 4.21
	1.88
	2.97
	5.47




Hydrophobicity: During the changing process of protective materials coated on the glaze surface and the matrix, there is a satisfactory compatibility between the protective materials and the glaze samples. For the solid surface treated with protective materials with inhomogeneous chemical compositions, the contact angle of droplets on the surface satisfies the Cassie equation: cosɵ = f1 cosɵ1 + f2 cosɵ2. In the equation, ɵ1 and ɵ2 are the contact angles of composition 1 and composition 2 on the ideal surface; f1 and f2 are the area fractions of the two components respectively in the whole surface [28, 29]. The changes of contact angle between the glaze and the matrix after the addition of protective materials are shown in Table 2; the addition of protective materials can improve the hydrophobicity of the matrix after the glaze shedding and the pure matrix surface. Due to the fact that the glaze itself has a higher hydrophobicity and compactness, the addition of protective materials has a smaller impact on the improvement of the glaze hydrophobicity; whereas for the matrix with shedding of glaze and pure matrix, the hydrophobic ability for the surface after the treatment can reach a state consistent with that of the glaze layer (Fig. 5). The newly added protective materials have greatly improved the hydrophobic ability of the samples; the contact angle of the pure matrix has been increased ten times than before, which could play the role of a good barrier to the outside moisture.Table 2Contact angles of the protective materials applied to the glaze surface (°)


	Serial number
	Glaze surface
	Matrix with shedding of glaze layer
	Matrix

	Before treatment
	After treatment
	Before treatment
	After treatment
	Before treatment
	After treatment

	SIC-1
	81.33
	99.44
	68.71
	92.16
	11.20
	103.06

	SIC-2
	90.32
	98.02
	69.24
	110.43
	13.86
	124.47

	SIC-3
	93.70
	98.80
	71.61
	111.16
	14.35
	108.00



[image: A40494_2020_380_Fig5_HTML.jpg]
Fig. 5Hydrophobicity of glazed matrix after treatment




Water vapor permeability and microstructure: The water vapor resistance diffusion coefficient μ value is adopted to detect the water vapor permeability of the glaze samples, especially for the matrix after the addition of protective materials. As to the changes of water vapor diffusion after being placed for 52 h, the four curves of the materials’ resistance to vapor diffusion before and after the treatment show a nearly linear relationship (Fig. 6); among them, the anti-water vapor coefficient of untreated sample is the largest, while the anti-water vapor coefficient of added materials decreases, and the decreasing degree for SIC-1 and SIC-2 is relatively large. After comparative analysis, the regression equations are fitted by the curves of resistance to water vapor diffusion coefficient (y) and time (x/hours) of the untreated sample and samples with added materials of SIC-1, SIC-2 and SIC-3, which are y = 0.2165x + 0.8322, y = 0.0429x + 0.0813, y = 0.0570x + 0.2780and y = 0.0784x + 0.5015; correlative coefficients R2 are 0.9987, 0.9981, 0.9912 and 0.9925; the slopes of these equations are 0.2165, 0.0429, 0.05700 and 0.0784, which means that the anti-vapor diffusion rate of the matrix is relatively small and the permeability of the sample is enhanced.[image: A40494_2020_380_Fig6_HTML.png]
Fig. 6The samples’ changing curves of resistance to water vapor diffusion




The reason for the enhancement of the water vapor permeability of matrix after the addition of protective materials has been analyzed, which was speculated to be related to the binding distribution between materials and glaze particles, as shown in Fig. 7c, nanoclusters with claw structure are formed on the surface of the glaze matrix after adding SIC-2 materials; these nanoisland-structured materials do not change the original particle bonding mode of the matrix, and the pores between the particles are clearly visible. Due to the excellent hydrophobicity of the added materials with the nanocluster structure (see Table 2), the absorption of water vapor between particles decreases, and the change rate of water vapor through the pores of particles is further enhanced, specifically indicated in the results of increased water vapor transmission rate of the samples after the addition of protective materials.[image: A40494_2020_380_Fig7_HTML.jpg]
Fig. 7Microstructure of samples with untreated surface (a), treated with SIC-1 (b), SIC-2 (c) and SIC-3 (d), respectively




Surface temperature and thermal expansion coefficient: In order to avoid the influence of temperature changes on the individual differences of glaze samples, ancient glaze samples with one half untreated and the other half treated with protective materials are adopted in the experiment. Take a sample with the left side untreated and the right side treated with SIC-2 (Fig. 8) as an example. Infrared thermography is used to test the surface temperature changes from the high temperature condition of 100 °C to the low temperature condition of the ice water mixture at 0 °C, and then back to the high temperature condition of 100 °C. During the cooling process, the sample is immersed in the ice water mixture of 0 °C, and the water quickly enters the untreated part and deepened the color of the sample (red frame in Fig. 8), while the water could not immerse the part of the sample treated by SIC-2. At the same time, the response of the glaze layer to the temperature change is slower than that of the matrix, in which the temperature changes of the sample surface treated with SIC-2 material is smaller than that of the untreated part of the sample (Fig. 9). After analyzing the curve change equation in the first 20 h, the linear equations of untreated glaze and protected glaze are respectively y = − 2.2489x + 44.033 and y = − 2.4457x + 48.779; the exponential equations of untreated matrix and protected matrix are respectively y = 38.857e−0.094× and y = 40.213e−0.092x; the correlation coefficients of the fitted curve equation are respectively R2 = 0.9487, 0.9481, 0.9709 and 0.9692. The addition of the protective materials alleviates the effect of drastic temperature changes on glaze and matrix to some extent. During the heating process, the temperature rise rate of the glaze layer is higher than that of the matrix, while the temperature difference between the glaze layer and the matrix decreases after the treatment.[image: A40494_2020_380_Fig8_HTML.jpg]
Fig. 8Surface condition of a glaze sample treated with SIC-2 and then soaked in water a glaze surface b matrix surface



[image: A40494_2020_380_Fig9_HTML.png]
Fig. 9Surface temperature changing curves of samples in the process of drastic temperature and humidity change




After comparing the temperature changes of the glaze surface and the matrix protected with SIC-1, SIC-2 and SIC-3 materials under the condition of drastic change of temperature and humidity, the impact of immersion water on the matrix is reduced and the temperature change rate of the glaze and the matrix during the cooling process is slowed down, in which the change of the glaze and the matrix treated with SIC-3 and that of the untreated sample is the smallest.
In order to compare the thermal changes of the samples before and after the addition of the protective materials, the expansion coefficient of the protected samples are measured by the low-temperature thermal expansion instrument from room temperature to 300 °C, as shown in Fig. 10. The addition of SIC-1 and SIC-2 reduces the size deformation of the matrix under the thermal action. At the same time, the expansion variable decreases by 0.014% and 0.016% respectively at about 170 °C, while SIC-3 increases the thermal deformation by about 0.106%. The small change of thermal properties in glazed matrix by the added materials.[image: A40494_2020_380_Fig10_HTML.png]
Fig. 10Thermal expansion coefficient of the treated samples




The change rate of glaze shedding: Temperature and humidity change cycles are used to detect the shedding status and change rate of glaze surface after adopting protective measures. Figure 11 shows the change of glaze surface at different cycles, and it can be seen that: the glaze of the untreated samples starts to fall off earlier, and after 180 cycles, the glaze layer (the black indicator line in Fig. 11c) is seriously detached from the edge interface of the sample. The calculation and analysis for the area of the exfoliated glaze layer in Fig. 12 find that the glaze layer is shedding at the change rate of 0.0647 in the equation y = 0.0647x − 8.5763(in the formula, x represents the number of cycles, and y represents the percentage of falling off area to total surface area of glaze layer); with the progressive cyclic numbers, the shedding area of the glaze layer has increased. While comparing the changes of samples treated with protective materials, the shedding rate of glaze surface treated with SIC-1 is increased the most quickly. After the protection of SIC-2 and SIC-3, the appearance time of glaze layer shedding is relatively delayed and a small area of glaze layer falls off at 210 cycles, then the glaze shedding rate was 0.0307 and 0.0535 respectively afterwards. To be more specific, the glaze samples treated with SIC-2 has the lowest rate of glaze loss. As the samples are treated with SIC-3, there is a gradual hydrolysis aging of the protective materials and the white materials appear on the surface of the glaze layer, which changes the color of the glaze to some extent.[image: A40494_2020_380_Fig11_HTML.png]
Fig. 11Glaze surface changes of the samples resulted from drastic cycle changes of temperature and humidity. a Untreated sample b untreated sample after 147 cycles c untreated sample after 180 cycles d The sample treated with SIC-1 e the samples treated with SIC-1 after 180 cycles f the samples treated with SIC-1 after 210 cycles g the sample treated with SIC-2 h the samples treated with SIC-2 after 210 cycles i the samples treated with SIC-2 after 250 cycles j the sample treated with SIC-3 k The samples treated with SIC-3 after 180 cycles l The samples treated with SIC-3 after 210 cycles



[image: A40494_2020_380_Fig12_HTML.png]
Fig. 12The glaze shedding rate of samples under drastic cycle changes of temperature and humidity




The glaze shedding time is delayed and the shedding rate of glaze layer is decreased for the samples after the treatment. Meanwhile, the air permeability and the hydrophobicity of glaze layer and matrix are improved. Among them, the difference between the glaze layer treated with SIC-1 material and the matrix is relatively large, while the difference between the glaze layer and the matrix protected by SIC-2 and SIC-3 is relatively small, and the change rate of glaze layer shedding is relatively the least. Additionally, the special attention is the hydrolysis aging of SIC-3 material, which affects the color change of the glaze samples. Comparing the three protective materials, the SIC-2 material exhibits an excellent protective effect, which can delay the shedding process and decrease the change rate of glaze layer preferably.


Conclusion
After being placed outdoors for five or six hundred years, glazed tiles on ancient buildings in the Beijing Palace Museum suffer a major degradation of glaze shedding. In order to prevent the continuous loss of glaze layer, three protection materials have been selected and the protective properties of these materials on glaze samples have been evaluated. The results show that silicon materials containing fluorine with nanoscale particles can effectively delay the glaze shedding rate, and have a certain degree of protective effect. Specifically including:.
(1) For the protected glaze samples, there is a minor change in the color of the samples protected by fluorosilicate materials SIC-2 with granular distribution of nanoclusters. The hydrophobic property of the matrix can be increased and the difference in the adsorption of water vapor between the matrix and the glaze can be reduced; meanwhile the transmittance of water vapor can be improved.
(2) In the study of the surface temperature change of the samples, the addition of the materials can alleviate the difference induced by drastic temperature change on the glaze surface and the matrix to some extent.
(3) Overall, the addition of the protective materials has reduced the difference between glaze surface and the matrix under the influence of temperature and water, in which SIC-2 can be selected as the most excellent protective material for reducing the glaze shedding speed.
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