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Abstract

:

In this paper, silicon-modified Al powders (SiO2@Al) were prepared by tetraethyl orthosilicate (TEOS) hydrolysis under alkaline conditions. Using SiO2@Al as additives, a new Al2O3-SiO2 ceramic coating (ASMA) was formed on carbon steel to prevent carbon steel from oxidization at 1250 °C for 120 min. Compared with the Al2O3-SiO2 ceramic coating without additive (AS), ASMA showed a remarkably better anti-oxidation performance, especially during the temperature-rise period. According to the characterization conducted by TG-DTA, XRD and SEM-EDS, it was found that the metallic Al in ASMA melted at 660 °C and reacted with SiO2 on its surface, which generated local high temperature and accelerated the sintering of ceramic raw materials. The mullite and hercynite formed in ASMA also played a major role for enhancing the anti-oxidation performance of ceramic coating.
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1. Introduction


Carbon steel always involves a slab reheating and hot rolling process to obtain thin carbon steel. During the reheating process, slabs suffer from serious oxidation over 1250 °C, which results in weight loss of slabs and energy waste [1,2,3]. Moreover, oxidation could potentially lead to serious problems for the surface quality of carbon steel, such as decarburization and micro-defects [4,5]. Different methods have been taken to protect slabs from oxidization during the reheating process. The most effective countermeasure for the reduction of the oxidation intensity is to isolate slabs from oxidants. Therefore, reheating in reducing atmosphere, such as vacuum or inert gas atmosphere, is once thought to be an ideal solution. However, the rigid operation conditions and expensive equipment limit its industrial application [6,7,8].



Protective coating, an effective and economical method, is considered as an alternative solution to prevent the slabs from oxidization at high temperature [9,10]. Ceramic coating (MgO, Al2O3, SiO2, CoO, ZnO, ZrO2 etc.) usually has a high melting point and excellent chemical stability at high temperature [11,12]. By using ceramic coating, a protective layer can be formed on carbon steel surface at temperatures ranging from 1100 to 1300 °C so that the internal diffusion of oxygen and external diffusion of iron ions are slowed down [11,13,14,15,16].



Among the ceramic coatings, Al2O3-SiO2 coating (AS) is widely used due to its high anti-oxidation performance and low cost [17]. Silicates with low melting points are always added into Al2O3-SiO2 coating to accelerate the sintering under low temperature. However, a eutectic crystal of Fe–2FeO·SiO2 is formed over 1170 °C, which is harmful to the anti-oxidation performance of the protective coating at high temperature [18,19]. In order to accelerate the sintering of Al2O3-SiO2 coating under low temperature and avoid the formation of Fe–2FeO·SiO2 over 1170 °C, silicates with low melting point should be replaced by other additives [20,21]. Aluminite powder is an alternative additive because it can melt at 660 °C and react with SiO2 [22]. The exothermic reaction between Al and SiO2 leads to local high temperature and thus the sintering of ceramic materials is accelerated. Sodium silicate and colloidal silica are widely used as binder agents in ceramic coating preparation. Functional colloidal sol would form under the hydrolysis of sodium silicate or metasilicic acid and be balanced with the free OH−. If Al powders are directly added into ceramic coating slurry containing alkaline binder such as sodium silicate and colloidal silica, a exothermic reaction (2Al + 2H2O + 2OH− → 2AlO2− + 3H2) will take place and break the balance of hydrolysis within the sodium silicate solution (SiO32− + 2H2O → H2SiO3 + 2OH−). It was the consumption of OH− that would accelerate the hydrolysis and enhance the viscosity of the slurry. Viscous slurry is hard to disperse by spraying due to its poor fluidity. In addition, the hydrogen produced by the reaction is flammable and it is hazardous in the reheating workshop. Therefore, Al powders should be modified to be stable with the coating slurry.



In this paper, silicon-modified Al powders (SiO2@Al) were prepared by tetraethyl orthosilicate (TEOS) hydrolysis under alkaline conditions. A new Al2O3-SiO2 ceramic coating (ASMA) was prepared with SiO2@Al as additives to prevent carbon steel from oxidization. The anti-oxidation performance of ASMA was investigated by a heating process from room temperature to 1250 °C with a rate of 10 °C/min and maintained for 120 min at 1250 °C. A protective mechanism of ASMA was also clarified. Some achievements in this paper were not only applied to anti-oxidation of carbon steel at high temperature but also provided new ideas for the design of low-temperature sintering ceramic.




2. Experiment Procedure


2.1. Preparation of Carbon Steel Sample


Carbon steel, J55 (C 0.28 wt %, Si 0.27 wt %, Mn 1.35 wt % and Fe balance), with a specimen size of 55 × 50 × 5 mm3 was used for high temperature treatment in muffle furnace. A carbon steel specimen (25 × 24 × 5 mm3) was cut from cold-rolled plates for continuous thermo-balance investigation. The specimens were cleaned with alcohol in an ultrasonic bath and dried in an oven.




2.2. Preparation of Modified Al Powders (SiO2@Al)


Al powders with the size of 45 μm, tetraethyl orthosilicate (TEOS), ethanol, ammonia water, and deionized water were used for the preparation of SiO2@Al. A mixture of 10 g Al powders and 250 mL ethanol was stirred in a beaker at 50 °C for 1 h. The mixture was blended with 15 mL TEOS under agitation, which was diluted with 150 mL alcohol. After that, 20 mL ammonia water diluted with 25 mL deionized water was dropped into the mixture by a peristaltic pump at 2 mL/min as the catalyst for TEOS hydrolysis. Then, the beaker was kept in a water bath at 50 °C for 8 h. The obtained SiO2@Al was separated from the resulting mixture by vacuum filtration, followed by washing several times with ethanol. Then SiO2@Al was dried at 60 °C under vacuum.



The synthesis of SiO2@Al through TEOS hydrolysis under alkaline condition is illustrated in Figure 1. The SEM-EDS results in Figure 2 indicated that Al powders were successfully encapsulated by SiO2 and thus SiO2@Al was obtained. The size of SiO2 encapsulating on the surface of Al powders was about 100 nm.




2.3. Preparation of Coating Slurry


As shown in Table 1, ceramic coating slurry with different amount of SiO2@Al (0, 5%, 10%, 15%, 20%, 25%) were prepared to determine an appropriate proportion of SiO2@Al additives. The mixture was ball-milled with water for 4 h until the particle size was <45 μm. The milling ball was ZrO2 and the diameter of ZrO2 balls was 6–10 mm. During the ball-milled process, SiO2@Al stably existed in the slurry without any hydrogen releasing. The prepared slurry was coated on carbon steel by spraying gun, which was connected to an air compressor with pressure of 8 bar. The thickness of the coating was 0.4 mm.




2.4. Evaluation of Anti-oxidation Performance


To evaluate the anti-oxidation performance of ceramic coating, the weight changes of heated carbon steel samples were investigated. The carbon steel samples were heated in a muffle furnace from room temperature to different temperatures (1050, 1100, 1150, 1200, and 1250 °C) and maintained for 120 min. The anti-oxidation ability E, which was related to the weight loss of carbon steel oxidation, was calculated by Equations (1) and (2). Two samples were used in each test and the average value of samples was adopted.


Steel yield α =m2m1 × 100%



(1)






Anti-oxidation ability E=αcoated−αbare1−αbare×100%



(2)




where, m1 and m2 are the weights of samples before and after high temperature treatment without scale. αcoated and αbare are the yields of the coated and bare samples after high temperature treatment.



To evaluate the non-isothermal kinetic of carbon steel oxidation, the correlation between oxidation reaction rate and heating temperature was investigated. The samples were heated at a rate of 10 °C/min to certain temperature (1050, 1100, 1150, 1200, and 1250 °C) and maintained for 5 min. The reaction rate (v) was calculated by Equations (3) and (4).


Weight loss per unit area Δm=M2−M1



(3)






Reaction rate v=ΔmΔt



(4)




where, Δm is the weight loss per unit area of the sample during the holding stage at certain temperature. Δt is the time that the samples were maintained at certain temperature.



To evaluate the anti-oxidation ability of ceramic coating at a certain temperature, the isothermal kinetic was also carried out. The isothermal kinetic was conducted by a continuous thermos-balance (RZ, Luoyang Precondar, Luoyang, China) at a heating rate of 10 °C/min to 1250 °C and maintained for 120 min. The weight change of the sample was calculated by Equation (5).


Δω=ωi−ω0



(5)







Here, ω0 is the weight change per unit area of the sample heated to certain temperature and ωi is that of the sample heated and maintained at certain temperature.




2.5. Characterization


The morphology of the ceramic coating and carbon steel substrate was characterized by scanning electron microscopy (SEM; JSM-6700F, JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray spectroscopy (EDS, NORAN, Thermo Fisher, Waltham, MA, USA). The phase-transition occurred at different temperature was characterized by X-ray diffraction (XRD; X’Pert Pro, Philips, Amsterdam, The Netherlands) operated from 5° to 90° for 5.25 min. The weight change and thermal change during heating process were detected by TG-DTA (TG-DTA; STA449, Netzsch, Nuremberg, Germany). The TG-DTA test was operated from room temperature to 1250 °C at a heating rate of 10 °C/min. The test was conducted under flowing air.





3. Results and Discussion


3.1. Performance of Coating


The anti-oxidation performances of the coatings with different proportion of SiO2@Al were investigated by the weight loss during the heating process in muffle furnace. As shown in Figure 3, when temperatures ranged from 1050 to 1150 °C, a higher proportion of SiO2@Al led to a better anti-oxidation performance. However, when the proportion exceeded 10%, the enhancement of the anti-oxidation performance was not obvious. When temperatures ranged from 1200 to 1250 °C, the anti-oxidation performance of coating improved with the increasing amount of SiO2@Al until 10% and reduced with further SiO2@Al addition, especially at 1250 °C. Therefore, in view of the anti-oxidation performance and the cost, the ceramic coating with 10% of SiO2@Al was chosen as the appropriate one to conduct the following investigations.



The non-isothermal kinetic for sample protected by ASMA, sample protected by AS, and bare sample are shown in Figure 4. The apparent activation energy, (Ea), was calculated by the Arrhenius equation. As shown in Equation (6), if the concentration of reactant (B) was constant, the reaction rate (v) would have a positive correlation with the reaction rate constants (k), which is the function of temperature described by Equation (7) (Arrhenius equation).


v=B×k



(6)






k=A×e(Ea/RT)



(7)







The relationship between reaction rate (v) and apparent activation energy (Ea) could be deduced with Equations (6) and (7) by a logarithmic operation. The ultimate equation was described as Equations (8) and (9).


lnk=−EaRT+lnA



(8)






lnv=−EaRT+lnA+lnB



(9)




where, A and B were constant. R was 8.314 J·mol−1·K−1.



Therefore, the dependent variable (lnv) had a linear relationship with the variable (1/T). As described in Equations (3) and (4), the reaction rate (v) could be calculated by the weight loss per unit area and the duration time of samples heated to a certain temperature. Based on the kinetic results at different temperatures as shown in Figure 4, a linear relationship was observed between lnv and 1/T. The slope of each fitting was equal to (−Ea/R) as described in Equation (8). It was a remarkable fact that the result of the sample protected by AS was not able to be fitted by a single linear equation because there was an inflection point at about 1150 °C. Therefore, the kinetic of the sample protected by AS should be divided into two parts (AS1 and AS2) by 1150 °C.



As shown in Figure 4, the apparent activation energy (Ea) of bare sample was 120.11 kJ/mol, while that of the sample protected by ASMA was 326.50 kJ/mol. The apparent activation energy (Ea) of the sample protected by AS between 1025 and 1150 °C was 106.14 kJ/mol, which was approximate to the bare sample. The apparent activation energy (Ea) of the sample protected by AS between 1150 and 1250 °C was 224.05 kJ/mol, which was between that of the sample protected by ASMA and the bare sample. Generally, higher apparent activation energy resulted in a better anti-oxidation performance of coating. Therefore, ASMA exhibited an excellent anti-oxidation performance between 1025 and 1250 °C, while AS only worked above 1150 °C. Additionally, the anti-oxidation performance of ASMA was much better than AS due to its larger apparent activation energy (Ea). To further prove the enhancement of anti-oxidation of ASMA, the non-isothermal experiment was conducted by a continuous thermo-balance. As shown in Figure 5, compared with AS, ASMA showed an obviously better anti-oxidation performance during the temperature-rise period.



Since the serious oxidation of carbon steel always occurred over 1250 °C, the isothermal kinetic was conducted at 1250 °C. It was widely accepted that the oxidation of carbon steel followed the parabolic law [3,23,24], which meant that the oxidation process was controlled by the diffusion. The reaction constant could be calculated by Equation (10) [2].


(Δω)2=H+kp×ti



(10)







Here, ti (s) is the duration of oxidation, Δω is the weight gain per unit area (mg/cm2), H is a constant, and kp (mg2·cm−4·s−1) is the reaction rate constant.



In this study, the linear relationship between Δω and ti1/2 was used to evaluate kp [2]. As shown in Figure 6, the reaction rate constant (kp) of the bare sample, the sample protected by AS, and the sample protected by ASMA was 2.09, 0.096, and 0.046 mg2·cm−4·s−1, respectively. It can be concluded that ASMA possessed a better anti-oxidation performance than AS due to its smaller reaction rate constant at 1250 °C.




3.2. Morphology of Coating


The microstructure was an intuitive evidence for evaluating the compactness of coating which controlled the inner diffusion rate of oxygen. Therefore, anti-oxidation performance of coating was better with a more compact structure. The outer-surface microstructures of sample protected by the ASMA and sample protected by the AS were investigated after the thermal treatments of different temperature (900, 1150, and 1250 °C). As described in Figure 7, ASMA formed a compact structure at 900 °C and the compactness improved with the increasing of temperature until 1250 °C. The amount of liquid phase increased with the rising temperature, the porosity reduced and thus the sintering of coating was enhanced at the same time. However, the sample protected by AS possessed a porous structure composed of isolated particles at 900 °C, while the compactness improved at 1150 °C. The above results suggested that SiO2@Al could accelerate the sintering of the ceramic coating and enhance the compactness.




3.3. Protection Mechanism


Figure 8 showed the TG-DTA data of the ASMA and AS slurry. As shown in Figure 8a, there was an endothermic peak at about 662.85 °C, an exothermic peak at 977.7 °C, and an exothermic peak at 1153.91 °C for ASMA slurry, while there was only a gradual exothermic trend during heating process for AS slurry. In order to interpret the possible reactions during the heating process, the phase transitions were investigated by XRD method at 500, 800, 1100, and 1250 °C, which were near the endothermic or exothermic temperature. Compared with Figure 9a,b, it was found that no specific phase formed between 500 and 800 °C, thus the endothermic peak at 662.82 °C could be attributed to the melting of Al powders in SiO2@Al. Phases of Si and Al3.21Si0.47 were newly formed within ASMA when temperature increased from 800 to 1100 °C, which indicated that an exothermic reaction occurred as described in Equation (11) and it gave rise to the exothermic peak at 977.7 °C [25]. Compared with Figure 9c,d, it was remarkable that mullite and cristobalite formed within ASMA when temperature ranged from 1100 to 1250 °C. Therefore, the exothermic peak at 1153.91 °C might result from the exothermic reaction expressed as Equations (12) and (13) [26,27]. In contrast, there was no new phase formed within AS during the whole heating process except for cristobalite. To sum up, the Al powders in SiO2@Al melted at 662.85 °C and reacted with SiO2 on its surface, which generated local high temperature and the sintering of ceramic raw materials, thus contributing to its excellent anti-oxidation performance, which was consistent with the non-isothermal kinetics. Besides, mullite and cristobalite formed at 1150 °C could further enhance the coating compactness and improve the anti-oxidation performance above 1150 °C [19]. However, ceramic raw materials just sintered above 1150 °C within AS, and thus showed an unobvious anti-oxidation effect below this temperature.


4Al + 3SiO2 → 3Si + 2Al2O3



(11)






SiO2 (amorphous) → SiO2 (cristobalite)



(12)






3Al2O3 + 2SiO2 → 3Al2O3·2SiO2



(13)







According to the SEM-EDS results of coating cross-sections exhibited in Figure 10, both the coatings were able to prevent the carbon steel substrate from oxidization at 1250 °C. Compared with Figure 11a,b, ASMA was composed of a hercynite layer, a mullite layer, and a ceramic layer with high aluminum content, while AS consisted of a Fe3O4 layer, an olivine layer composed of FeO and 2FeO·SiO2, a ceramic layer composed of Al2O3 and cristobalite. Equations (14) or (15) possibly occurred to form the hercynite (Al2O3·FeO) within ASMA. As reported in the literature [28], the structure of hercynite could be expressed as (Fe2+1−xAl3+x)tet(Al3+2−xFe2+x)octO4 where 0 < x < 0.25, while that of Fe3O4 could be expressed as (Fe3+)tet(Fe3+Fe2+)octO4 [29]. Referring to Freer and O’Reilly [30], the diffusion activation energy of Fe2+ at octahedral site and tetrahedral site were 0.2(±0.05) eV and 0.71 (±0.09) eV, which indicated that the diffusion of iron ions within hercynite was slower than Fe3O4 due to the lower fraction of Fe2+ occupied the octahedral site. Therefore, hercynite also played a significant role for enhancing the anti-oxidation ability of ASMA. However, hercynite was easily oxidized as shown in Equation (16) under oxidation condition. As mentioned in Section 3.1, the compactness of ASMA was greatly improved with the addition of SiO2@Al, which effectively prohibited the inner diffusion of oxygen. As a result, the hercynite layer could be stable within the ceramic coating. The result agreed well with the finding in isothermal kinetic experiment.


3Al2O3·2SiO2 + 3FeO → 3Al2O3·FeO + 6SiO2



(14)






Al2O3 + FeO → Al2O3·FeO



(15)






4Al2O3·FeO + O2 → 4Al2O3 + 2Fe2O3



(16)









4. Conclusions


In present work, modified Al powders (SiO2@Al) were prepared by the hydrolysis of tetraethyl orthosilicate (TEOS) under alkaline conditions. A new ceramic coating was prepared with the SiO2@Al as additives to prevent the carbon steel from oxidization at 1250 °C. The anti-oxidation performance and a probable protective mechanism of the coating were clarified.



Some results were obtained as follows:

	
The Al powders were successfully encapsulated by SiO2 and the SiO2@Al stably existed in the as-prepared alkaline coating slurry. The appropriate proportion of SiO2@Al in the coating was 10%.



	
The metallic Al in ASMA melted at 662.85 °C. What generated local high temperature and accelerated the sintering of ceramic raw materials was the exothermal reaction between the melted Al and SiO2 (4Al + 3SiO2 → 3Si + 2Al2O3). The well-sintered structure decreased the inner diffusion rate of oxygen and enhanced the anti-oxidation effect of ASMA during the temperature-rise period.



	
The hercynite layer formed within ASMA played a significant role for slowing down the external diffusion of iron ions due to the lower fraction of Fe2+ occupied the octahedral site, which facilitated the improvement of anti-oxidation ability at 1250 °C.
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Figure 1. The schematic illustration of SiO2@Al synthesis. 
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Figure 2. SEM and EDS images of SiO2@Al. 
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Figure 3. Anti-oxidation performances of the coatings with different proportion of SiO2@Al. 
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Figure 4. Results of non-isothermal kinetics. 
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Figure 5. Results of continuous thermo-balance from 200 to 1250 °C with a rate of 10 °C/min. 
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Figure 6. Results of isothermal kinetics. 
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Figure 7. SEM images of outer-surfaces belonging to sample protected by ASMA and sample protected by AS at different temperatures. 
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Figure 8. TG-DTA curves of (a) ASMA and (b) AS. 
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Figure 9. Comparisons of XRD result of the sample protected by ASMA and AS slurry at dffierent temperatures: (a) 500 °C, (b) 800 °C, (c) 1100 °C, (d) 1250 °C. 
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Figure 10. SEM-EDS images of cross-sections belonging to (a) the sample protected by ASMA and (b) the sample protected by AS at 1250 °C. 
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Figure 11. SEM images with results of EDS measurements performed on selected areas of cross-sections belonging to (a) sample protected by ASMA and (b) sample protected by AS at 1250 °C. 






Figure 11. SEM images with results of EDS measurements performed on selected areas of cross-sections belonging to (a) sample protected by ASMA and (b) sample protected by AS at 1250 °C.



[image: Coatings 09 00167 g011a][image: Coatings 09 00167 g011b]







[image: Table]





Table 1. The composition of the ceramic coating (wt %).
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	No.
	Al2O3
	Sodium Silicate

Solution (40 wt %)
	SiO2@Al
	Surface Active Agent

Sodium Polyacrylate
	H2O





	1
	70.5
	23.5
	0
	4
	2



	2
	66
	21
	5
	4
	4



	3
	62
	18.5
	10
	4
	5.5



	4
	58
	16
	15
	4
	7



	5
	54
	13.5
	20
	4
	8.5



	6
	50
	11
	25
	4
	10
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