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Abstract:



High-temperature-resistant coatings with low infrared emissivity were prepared using polysiloxane resin and flake aluminum as the adhesive and pigment, respectively. The heat resistance mechanisms of the polysiloxane/Al coating were systematically investigated. The composition, surface morphology, infrared reflectance spectra, and thermal expansion dimension (ΔL) of the coatings were characterized by X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy, and thermal mechanical analysis (TMA), respectively. The results show that thermal decomposition of the resin and mismatch of ΔL between the coating and the substrate facilitate the high temperature failure of the coating. A suitable amount of flake aluminum pigments could restrain the thermal decomposition of the resin and could increase the match degree of ΔL between the coating and substrate, leading to an enhanced thermal resistance of the coating. Our results find that a coating with a pigment to binder ratio (P/B ratio) of 1.0 could maintain integrity until 600 °C, and the infrared emissivity was as low as 0.27. Hence, a coating with high-temperature resistance and low emissivity was obtained. Such coatings can be used for infrared stealth technology or energy savings in high-temperature equipment.
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1. Introduction


Low infrared emissivity coatings are usually composed of a polymer binder and functional particles, which are widely applied for both energy savings and infrared camouflage due to their low emissivity, cheap cost, and simple construction technology [1,2,3,4]. Coating the low emissivity material onto an aircraft’s exterior surface can greatly decrease the infrared radiation intensity of the aircraft surface. This method is one of the main means for infrared stealth technology in various aircrafts. However, as aircrafts achieve higher velocity flights, their exterior surface temperatures also rapidly increase. This necessitates broader temperature requirements for low infrared emissivity coating [5,6,7].



Existing low infrared emissivity coatings have poor heat-resistance properties due to the thermal decomposition of the organic binder and the oxidation of the metal pigment at high temperatures. Xiao [7] prepared a low infrared emissivity coating with modified silicone resin and flake aluminum powder for the adhesive and pigment, respectively. The coating had good mechanical and low emissivity performance below 300 °C, but when the temperature was above 300 °C, the mechanical properties of the coating decreased rapidly because of the thermal degradation of the modified silicone resin. Hence, improving heat resistance of the low infrared emissivity coating is one of the most important research directions in this field.



It has been reported that epoxy-modified silicone and flake aluminum powder can produce heat-resistant low emissivity coatings with an infrared emissivity of 0.22 after being heated to 500 °C for 50 h [8]. Guo [9] synthesized low infrared emissivity coatings using flake aluminum powder and pure silicone resin. The infrared emissivity did not increase significantly unless the coating was heated to 600 °C.



Previous studies have shown that the use of polysiloxane resin and flake metal pigments could improve the heat resistance of low infrared emissivity coatings, but the improvements were limited. There are a few reports about the mechanisms underlying the structural and mechanical changes of low emissivity coatings that occur at high temperature. However, systematic research on the high temperature failure mechanism is important for the design of high-temperature-resistant, low emissivity coatings.



In this paper, low infrared emissivity coatings were prepared using flake aluminum powders and polysiloxane resin as raw materials. The composition, structure, and infrared emissivity of the coatings at high temperatures were systematically studied by Thermogravimetric Analysis (TG), IR spectroscopy, X-ray photoelectron spectroscopy (XPS), and thermal mechanical analysis (TMA), respectively. These results were combined to explain the high-temperature failure mechanism (both the mechanical and optical failure). The results provide theoretical guidance for future design of low emissivity coatings with high-temperature resistance.




2. Materials and Methods


2.1. Materials


Flake aluminum pigments (particle size 20–30 μm), pre-treated with stearic acid, were purchased from Guangzhou Xingbailian Co. Ltd., Guangzhou, China. Methylphenyl-siloxane (with a methyl/phenyl ratio of 1.0/1.1 and a functional group Si–OH), was purchased from Guangzhou Suomo Chemical Technology Co. Ltd., Guangzhou, China. The organic solvents such as ethyl acetate, butyl acetate, and xylene were Analytical Reagent grade (A.R.). All chemicals were A.R. grade and used without further treatment.




2.2. Preparation of Polysiloxane/Al Coatings


Flake aluminum powder and the mixed solvents (the mass ratio of ethyl acetate, butyl acetate, and xylene was 6:4:3) were mixed at a mass ratio of 1:1 to confirm that the aluminum powder was completely dispersed. Next, the polysiloxane resin was added into the mixture as the binder. The mass ratio of pigment to binder (P/B ratio) was fixed at 0.5, 1.0, 1.5, and 2.0. Then, mixed solvents were added into the mixture to adjust the viscosity. After continuous mechanical stirring for 30 min, the mixture was painted onto the tin substrates (12 cm × 5 cm × 0.3 cm) via an air spraying technique (GB 1727-92) The original 98PSI Japan was a Japanese Industrial Standard, and we have found a corresponding Chinese standard to replace it. During spraying, the air pressure was 0.4 MPa, the distance between the spray gun and substrate was 20 cm, and the spraying speed was 30 cm/s. Finally, the coatings were dried at room temperature and the resulting coatings were completely solidified for 2 h at 200 °C. The thickness of the samples was about 40–50 μm (measured by the QuaNix4500 coating thickness gauge, Tianjin, China).




2.3. Heat Treatment


To study the heat resistance of polysiloxane/Al coatings, the samples were heated in air at 400–700 °C for 1 h before being cooled inside the electric furnace to room temperature. The surface states of the coatings were observed. The infrared reflectance spectra, surface morphologies, and chemical compositions were also characterized.



In addition, in order to study the radiation-heating effect of the coating surface, the samples were irradiated continuously by an infrared lamp. The experimental device is shown in Figure 1. The vertical distance between the center of the thermal radiation source and the coating surface was 30 cm, and the testing time was 40 min. The change in temperature of the coating surface under continuous IR radiation heating was recorded.


Figure 1. Experimental device for measuring the radiation-heating effect of the coating surface. 1—fixed devide; 2—275 W infrared lamp; 3—polysiloxane/Al coating; 4—substrate; 5—thermocouple display.
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2.4. Characterization


The TG and DSC curves were measured by thermogravimetric analysis (Netzsch STA 449C, Selb, Germany). The infrared reflectance spectrum was measured using a Fourier transform infrared spectrometer (BRUKER, Tensor27, Beijing, China) with an integrating sphere attachment. The morphology and XPS spectrum of samples were characterized by field emission scanning electron microscopy (FE-SEM, JEOL JSM-7600F, Tokyo, Japan) and X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Waltham, MA, USA), respectively. The TMA curve was obtained from a thermal mechanical analyzer (Seiko TMA 6300, Tokyo, Japan). The heating rate was 10 °C/min. The samples used in the TMA tests were the coatings without any heat treatment and the size was 12 cm × 5 cm. The infrared emissivity of polysiloxane/Al low emissivity coatings from 8 to 14 μm was calculated from the infrared reflectance spectrum.





3. Results and Discussion


3.1. Heat-Resistance Properties of the Polysiloxane/Al Coatings


Figure 2a shows the TG and DSC (The variation curves of sample endothermic or exothermic rates with temperature) curves of the aluminum pigments. The weight of aluminum powder remained unchanged before 550 °C, and an obvious weight gain occurred in the range 550–700 °C. The DSC curve has a strong exothermic peak at 600 °C, so the weight gain between 550–700 °C was caused by the oxidation of the aluminum powder. The sharp endothermic peak near 660 °C is attributed to the melting of aluminum powder [10].


Figure 2. (a) TG and DSC curves of aluminum pigments; (b) TG curves of polysiloxane resin and polysiloxane/Al coatings with different P/B ratios (the mass ratio of pigment to binder); (c) DTG curves of polysiloxane resin and polysiloxane/Al coatings.
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The TG curves of polysiloxane resin and polysiloxane/Al coatings are shown in Figure 2b. The polysiloxane resin began to decompose after 200 °C, and there was a continuous weight loss at 200–700 °C. The mass loss of resin at 500 °C was 20%, and it reached 40% at 600 °C. These results indicate that the polysiloxane resin has poor heat resistance. As for the polysiloxane/Al coatings, the oxidation of aluminum powder only led to a weight gain of coating at 600–700 °C, which could be clearly observed from the TG curves of the coatings with P/B ratios of 1.5 and 2.0. That is, the mass loss of polysiloxane/Al coatings at 200–700 °C was still caused by the degradation of the polysiloxane resin.



The DTG curves (Figure 2c) show the mass loss rate of the pure polysiloxane resin and the polysiloxane/Al coating as the operating temperature varied from 200 °C to 750 °C. The peak temperature on the DTG curve represents the temperature of maximum weight loss rate, which indicates that there are three different degradation regimes for the polysiloxane resin. The trace mass loss at 240–400 °C is most probably related to the cleavage of organic groups (Si–CH3 and Si–Ph) bound to silicon atoms resulting in the formation of gaseous products [11]. The peak at 400–520 °C is attributed to the main chain decomposition, which is induced by the free terminated hydroxyl [12]. The peak centered at 570 °C is the result of main chain rearrangements [13]. The products of these two processes were mainly small molecular weight cyclic siloxanes (hexamethylcyclotri-siloxane and octamethylcyclotetra-siloxane) [14,15]. The continuous weight loss from 600 °C to 700 °C was due to the transformation of small molecular weight cyclic siloxane into SiO2 [16]. These results confirm that SiO2 is the final degradation product of polysiloxane resin. Thus, the degradation extent of the polysiloxane/Al coatings was evaluated according to the concentration of SiO2 in the coating. As for all the polysiloxane/Al coatings, the peak temperatures are consistent with pure polysiloxane resin. This means that the weight loss of the polysiloxane/Al coating is mainly attributed to the thermal degradation of polysiloxane resin. However, the mass loss rate of the coating was lower than the pure resin, and this might be due to the addition of flake aluminum pigment.



Figure 3a presents the FTIR reflectance spectra of the polysiloxane/Al coating with a P/B ratio of 0.5 at different heating temperatures. The reflectance spectra show a characteristic absorption band for the polysiloxane resin near 1000–1130 cm−1 at room temperature. This is related to the asymmetric Si–O–Si stretching. The absorption peaks at 1602 cm−1 and 1403 cm−1 were attributed to the vibrations of benzene ring and the Si–C6H5 [17]. The absorption peaks at 2962 cm−1, 1260 cm−1 and 790 cm−1 were attributed to Si–CH3 [17]. After heating to 400 °C, the Si–O–Si absorption peak intensity decreased, which implies that the polysiloxane resin began to degrade. The characteristic absorption peaks of the polysiloxane/Al coating heated at 500 °C and 600 °C disappeared completely. The spectra of the coatings were consistent with the standard spectrum of nano SiO2 [18]. The absorption peak at 1040 cm−1 is due to the antisymmetric stretching vibration of Si–O–Si. The strong and broad absorption band at 3449 cm−1 is due to the antisymmetric stretching vibration peak of –OH in constitutional water, and the peak near 1640 cm−1 is attributed to the flexural vibration of H–O–H [19]. That is, the appearance of SiO2 means the complete degradation of polysiloxane resin.


Figure 3. FTIR reflectance spectra of polysiloxane/Al coating with (a) P/B = 0.5 after heat treatment; (b) different P/B ratios after heat treatment.
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To study the effect of flake aluminum pigments on the thermal decomposition process of polysiloxane resin, we collected FTIR reflectance spectra of polysiloxane/Al coating with different P/B ratios after high temperature treatment (Figure 3b). The temperatures shown in this figure represent the heat treatment temperatures at which the sample spectrum had just changed. The temperature of the resin’s complete degradation increases as the P/B ratio increases, and the intensity of the absorption peaks for SiO2 gradually decrease. These results illustrate that increasing the content of aluminum pigments inhibited the thermal degradation of polysiloxane resin in the polysiloxane/Al coatings. Consequently, the polysiloxane/Al coatings with a high P/B ratio have better heat resistance.



X-ray photoelectron spectroscopy (XPS) evaluated the effects of the flake aluminum pigments on the degradation of the polysiloxane resin. Figure 4 presents XPS spectra in the Si2p region for polysiloxane/Al coatings heated at 500 °C for 1 h. The coating with a P/B ratio of 0.5 (Figure 4a) only shows one photoelectron peak at 103.4 eV, and the peak is due to SiO2. This indicates that the polysiloxane resin in this coating was entirely degraded into SiO2. The coating with a P/B ratio of 1.0 has two other peaks at 99.2 eV (Si) and 101.7 eV (Si3+) in addition to the SiO2 photoelectron peak. These two peaks are the result of the resin’s thermal decomposition intermediates [20]. The atomic mass percentage of SiO2 was 61.74%, which means that the polysiloxane resin in this coating was incompletely oxidized at high temperature; some of the resin still remained as Si and Si3+.


Figure 4. X-ray photoelectron spectroscopy (XPS) spectra in the Si2p region for polysiloxane/Al coatings after being heated to 500 °C: (a) P/B = 0.5; (b) P/B = 1.0; (c) P/B = 1.5; and (d) P/B = 2.0.
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The P/B ratio 1.5 and 2.0 coatings (Figure 4c,d) do not have photoelectron peaks for SiO2. The new peak at 102.4 eV comes from the O–Si–C of polysiloxane resin, indicating that the resin in these two coatings did not completely decompose [20]. In fact, the atomic mass percentage shows that the content of polysiloxane resin quickly increases with increasing P/B ratio, but the total concentration of the degradation products (SiO2, Si3+ and Si) decreases. These results confirm that increasing the flake aluminum pigment concentration significantly decreases the thermal degradation of polysiloxane resin. This agrees with the FTIR reflectance data.



The electric furnace heated the sample through two heating mechanisms: heat radiation and heat conduction. Moreover, the radiation-heating effect of the coating surface decreased with increasing flake aluminum powder content. This is because the flake aluminum pigment is a highly infrared reflective material. Thus, the coating surface temperature decreases, and there is less heat decomposition in the polysiloxane resin. As a result, the coatings with a high P/B ratio had better heat resistance performance. To further prove the above analysis, the samples were irradiated continuously by IR radiation heating. The experimental device is shown in Figure 1. Figure 5 shows the temperature change of coating surface under continuous IR radiation heating. These data show that the coating surface temperature decreases by 8 °C when the P/B ratio is increased from 0.5 to 2.0.


Figure 5. The surface temperature of polysiloxane/Al coatings under continuous IR radiation.
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An analysis of the morphologies of the coatings could explain the above phenomena. The surface morphologies of polysiloxane/Al coatings with P/B = 0.5 and 2.0 are shown in Figure 6a,b. Neither of these coatings was heated. For Figure 6a, the coating surface is nearly entirely filled with high infrared absorbing polysiloxane resin; there are only small amounts of flake aluminum powders (labeled by red boxes) floating on the surface. With increasing aluminum powder concentration, many directional flake particles closely arrange on the coating surface to form a dense and highly reflective metal layer (Figure 6b). This metal layer substantially reduces the radiation heating effect of the coating surface [21,22]. In fact, the heat radiation intensity was stronger in the actual high temperature environment. Hence, increasing the content of the flake aluminum pigments has a more significant effect on the thermal decomposition of the polysiloxane/Al coating. This is the main reason for the weaker thermal degradation degree of resin in the coating with a high P/B ratio.


Figure 6. SEM micrographs of the coatings with (a) P/B = 0.5 and (b) P/B = 2.0 without any heat treatment.
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The surface states of the coating after heat treatment in the electric furnace for 1 h are shown in Table 1. The coatings which exhibit no powdering, cracking, or exfoliation can be considered as qualified sample in high temperature resistance testing. As the P/B ratio increases, the maximum service temperature of polysiloxane/Al coatings first increases and then decreases. The coating with a P/B ratio of 1.0 had the best heat resistance because it could maintain surface integrity without powdering, cracking, or exfoliating until 600 °C. These results show that excessive aluminum pigments have negative impacts on the heat resistance of the coatings. Thus, in addition to inhibiting the thermal decomposition of resin, the aluminum powder might also influence the high-temperature resistance mechanisms of the polysiloxane/Al coatings.


Table 1. The surface states for polysiloxane/Al coating after heat treatment.





	
Samples

	
Heat-Treatment Temperature




	
400 °C

	
500 °C

	
600 °C

	
650 °C

	
700 °C






	
Polysiloxane resin

	
*

	
–

	
–

	
–

	
–




	
P/B = 0.5

	
○

	
×

	
×

	
×

	
×




	
P/B = 1.0

	
○

	
○

	
○

	
Δ

	
Δ




	
P/B = 1.5

	
○

	
○

	
Δ

	
Δ

	
Δ




	
P/B = 2.0

	
○

	
○

	
Δ

	
Δ

	
Δ








Notes: (*) powdery; (○) good (coherence); (×) cracked; (Δ) exfoliated.








The polysiloxane resin in the polysiloxane/Al coating is the main film-forming substance. It determines the mechanical performance of the coating. The high content of the flake aluminum pigments not only restrains the thermal decomposition of the resin, but also reduces the relative content of the polysiloxane resin. This leads to adverse effects on the mechanical properties of the coatings at high temperature.



To further study the mechanical performance of the polysiloxane/Al coatings, thermal mechanical analysis (TMA) was used to measure the thermal expansion dimension (ΔL) of the polysiloxane/Al coatings in the horizontal direction at different temperatures. The resulting TMA curves are shown in Figure 7. For a P/B ratio of 0.5, the content of the polysiloxane resin is relatively higher. The main chains of the resin are broken at high temperatures, which result in a massive volume shrinkage of the polysiloxane/Al coating [23]. As a result, the ΔL of the coating is much lower than the substrate from 50 °C to 600 °C. The mismatch of ΔL would induce a strong shrinkage stress inside the coating causing the coating to crack and peel off above 400 °C.


Figure 7. Thermal mechanical analysis (TMA) curves of polysiloxane/Al coatings with different P/B ratios, the ΔL means the size defference in the sample at temperature T and at room temperature.
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However, as the P/B ratio increases from 0.5 to 2.0, the ΔL of polysiloxane/Al coating increases first and then decreases. The thermal expansion dimension, ΔL, of the coating with a P/B ratio of 1.0 is closest to that of the substrate. This coating had the minimum shrinkage stress during the heat treatment, and thus it could avoid cracking or exfoliating [24]. Therefore, this coating remained intact even at 600 °C. However, an increase or decrease in the P/B ratio could result in a mismatch of thermal expansion dimensions between the coating and the substrate and in turn worsen the high-temperature resistance of the coating [25].




3.2. Emissivity Properties of Polysiloxane/Al Coatings


The infrared emissivity of the polysiloxane/Al coatings is shown in Figure 8. For temperatures below 600 °C, the emissivity of coatings with a P/B ratio of 0.5 and 1.0 decreases with increasing temperature, which may be caused by the thermal degradation of the resin. When the heating temperature exceeded 600 °C, the aluminum powder was vigorously oxidized in the range 600–700 °C and it melted around 660 °C. The melting of aluminum powder greatly increases the degree of aluminum oxidation, which results in the rapid increase of the two coatings’ emissivities at 650 °C and 700 °C [26]. On the other hand, the coatings with a P/B ratio of 1.5 and 2.0 had a relatively high content of aluminum powder, and the oxidization speed of aluminum powder increased [26]. Thus, the emissivity of these two coatings increased with increasing temperature. And when the temperature exceeded 600 °C, both coatings had greater degree of emissivity increase.


Figure 8. Average IR emissivity (8–14 μm) of polysiloxane/Al coatings after heat treatment.
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Therefore, taking into consideration the heat resistant capacity and infrared emissivity, it is necessary to choose a suitable amount of flake aluminum pigment when preparing a high temperature-resistant coating with low infrared emissivity. In this paper, a polysiloxane/Al coating with high-temperature resistance and low infrared emissivity could be achieved by controlling the mass ratio of aluminum and polysiloxane resin (P/B = 1.0).





4. Conclusions


The high-temperature resistance mechanisms of polysiloxane/Al coatings were studied. The results show that the thermal decomposition of polysiloxane resin and the mismatch of the thermal expansion dimensions (ΔL) of the coating and the substrate were the major reasons for the coating failure at high temperatures. These could be markedly improved by tuning the content of the aluminum powder. High contents of flake aluminum pigment could form a highly reflective layer for external radiation, which weakens the radiation heating effect and reduces the heat accumulating near the coating surface. This ultimately restrained the thermal decomposition degree of the resin. The proper aluminum content also improved the degree of mismatch of ΔL between the coating and the substrate, which decreased the shrinkage stress inside the coating. The high-temperature infrared emissivity of the coating was also affected by the content of the aluminum powder. The value of emissivity decreased with increasing aluminum content. However, the aluminum pigments were more easily oxidized at high temperatures. This rapidly increased the infrared emissivity of the coating with high P/B ratios. Clearly, finding the proper balance between the heat-resistance properties and the infrared emissivity is important. The coating with a P/B ratio of 1.0 could maintain integrity until 600 °C and its lowest emissivity value was 0.27 at 600 °C. Thus, a coating with high-temperature resistance and low emissivity was obtained, which could be used for infrared stealth technology or energy savings in high-temperature equipment.
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