

  fibers-09-00033




fibers-09-00033







Fibers 2021, 9(5), 33; doi:10.3390/fib9050033




Article



Electrochemical Deposition of SiO2-Coatings on a Carbon Fiber



Sergei Galyshev *[image: Orcid] and Evgeniya Postnova





Institute of Solid State Physics of Russian Academy of Sciences, 142432 Moscow, Russia









*



Correspondence: galyshev@issp.ac.ru or galyshew@gmail.com







Academic Editor: Omid Hosseinaei



Received: 3 March 2021 / Accepted: 6 May 2021 / Published: 7 May 2021



Abstract

:

Research on carbon fiber oxide coatings is primarily focused on metal matrix composites. Such coatings act as a diffusion barrier between a matrix and a fiber and, in addition, they can be weak boundaries that significantly increase the mechanical properties of metal matrix composites. A simple and economical method of coating deposition is the sol-gel method. However, it does not allow for control of the thickness of the carbon fiber coating. To eliminate this limitation, a combined method is used that includes sol-gel technology and electrochemical deposition. The paper presents the results of studies on the production of SiO2 coatings on carbon fibers by the above method. The effect of current density, deposition time, salt concentration, pH of the reaction medium, TEOS/H2O molar ratio, and alcohol concentration in the reaction medium on the structure and thickness of the coatings was studied.
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1. Introduction


Research on carbon fiber coatings is primarily focused on composite materials. Metal coatings for composites with a polymer matrix are of great interest because they increase their electrical conductivity. In contrast, for composites with a metal matrix (MMC), the most promising are non-metallic coatings that act as a diffusion barrier between the matrix and the fiber [1]. In addition to barrier functions, non-metallic coatings can play the role of weak boundaries, which significantly increase the mechanical properties of MMC [2,3].



The most common method for creating non-metallic coatings of a carbon fiber is CVD, which is too expensive and time-consuming for large-scale MMC production. A simpler and more economical method of coating deposition is the sol-gel method, which provides non-metallic coatings with good “diffusion-barrier” characteristics [4,5] that simultaneously play the role of “weak” boundaries [6].



Today, there are rather few works devoted to the deposition of carbon fiber oxide sol-gel coatings of various compositions [7,8,9,10]. The technique of fibers immersion in colloidal solutions, which is often used for coatings, does not allow coating thickness and structure to be controlled. This is a significant limitation of the method from the viewpoint of the formation of weak boundaries in MMC since the thickness of the coating is inversely proportional to its shear strength. To eliminate this limitation, a method, which combines sol-gel technology and electrochemical coating, can be used [11,12,13,14].



The mechanisms of coating formation described in most papers are similar to each other. Their common feature is a pH jump at the electrode surface as a result of electrochemical reactions. This pH jump leads to accelerated monomer polycondensation near the electrode and film deposition on its surface [14].



In most earlier works, the method was applied to deposit oxide coatings on flat substrates; however, it is also applicable to substrates of complex shapes [14], which is especially relevant because a yarn of a carbon fiber is a porous medium with complex inner surface geometry.



The authors of this paper are not aware of any work that uses the combined deposition method for coating carbon fibers. Since this method has never been used for this purpose before, the focus of this work is the effect of process conditions on the continuity, thickness, and size of the particles forming the coating. The paper presents the results of studies on the formation of SiO2 coatings on carbon fibers by the above method. The effect of current density, deposition time, salt concentration, pH of the reaction medium, TEOS/H2O molar ratio, and alcohol concentration in the reaction medium on the structure and thickness of the coatings was studied.




2. Materials and Methods


2.1. Materials


A UMT40-3K carbon fiber yarn (manufactured by UMATEX Group, Russia) preliminarily thermally pre-purified from the sizing was used as a substrate for the deposition of SiO2 coatings. The temperature and time of purification were 400 °C and 15 min, respectively. The number of filaments in the yarn was 3000. The average diameter of the filament was 6.5 µm, and the bulk density was 1.77 g/cm3.




2.2. Preparation of the Reaction Medium


The reaction medium for the SiO2 coating was prepared by the hydrolysis of tetraethoxysilane (TEOS) in an aqueous solution of isopropyl alcohol (IPA) in the presence of a catalyst at a controlled pH of the solution in an acidic medium. It was shown earlier in [15] that the molar ratio (MR) of water to TEOS has a key effect on the sol-gel process. Thus, at an MR ratio of less than 6, linear polymer macromolecules are formed. At MR values greater than 6, the system tends to form colloidal particles. Therefore, one of the parameters studied in this work was the molar ratio.



To weaken the electric double layer on the surface of the sol particles and accelerate the processes occurring during gelation, 1 to 3 g of KNO3 salt were added per 50 mL of water in the reaction medium. The pH of the medium was adjusted by adding a concentrated nitric acid.




2.3. Coating Process


Fiber coating was carried out according to the scheme shown in Figure 1.



From donating coil (1), carbon fiber yarn (2) passes through reaction medium tank (4). The length of the tank was 150 mm. In this case, a negative potential was applied to the carbon fibers using a conductive graphite roller (3). In addition, a graphite electrode (5) with a positive potential equal in magnitude to the potential of the fibers was immersed in the reaction medium. The immersion time of the fibers in the medium was from 0.01 to 2 min. After passing through the tank, the fibers were wound on a receiving spool (6). After the deposition, the fibers were dried for 24 h under normal conditions. During the deposition, a pulsed DC source with a built-in voltmeter and an ammeter was used.



In preliminary experiments, the effect of temperature was observed. This was due to the fact that at temperatures above 50 °C, no coating took place. For this reason, in this work, all coatings were obtained at a reaction temperature of 20 to 25 °C.



The proposed method and research are not final since usually, the final stage of sol-gel coating technology is heat treatment. This step was deliberately not considered as it was beyond the scope of this study. The stage of heat treatment of the obtained coatings will be discussed in future publications.




2.4. Scanning Electron Microscopy


The obtained carbon fiber coatings were studied using a SUPRA 50VP high-resolution scanning electron microscope. The images were obtained in the mode of secondary electrons with an accelerating voltage of 10 kV at magnifications up to 50,000×. Preliminary experiments showed that the coating on the filaments outside the carbon fiber yarn may differ from that inside the yarn. Since most filaments are located precisely in the inner part of the carbon fiber yarn, a non-standard sample preparation technique was used to investigate the coatings by scanning electron microscopy, which allows more representative data to be obtained. A 10-mm-long fragment was cut from a continuous yarn after coating. The fragment was divided into two parts, after which one of the parts was placed on the surface of a carbon conductive tape glued to a standard stage of the scanning electron microscope. After that, the filaments of the selected fragment were evenly distributed over the conductive tape surface.



The average coating thickness, uniformity, and particle size for each experimental data point were measured from at least five SEM images. The solid curves shown in the figures depicting the dependence of the average thickness and particle size on the deposition parameters were obtained as a result of approximation by experimental data points.





3. Results


3.1. Characterization of Coatings


The described method makes it possible to deposit SiO2 coatings evenly on all filaments of the carbon fiber yarn with an unlimited length. Typical images of coated fibers are shown in Figure 2. The uniformity of the resulting coatings ranged from 89 to 97%.



Special attention was paid to the investigation of not abundant defects in the obtained coatings to assess the thickness of the coating and demonstrate its structure most clearly. A characteristic feature of the structure of all obtained coatings is that they are formed of interconnected round particles.




3.2. Salt Concentration


Figure 3 shows the SEM images of a coated carbon fiber surface obtained in the reaction medium with the parameters specified in Table 1.



The deposition from the reaction medium without KNO3 leads to the formation of a thin fragmented coating with the uniformity not exceeding 50%. The addition of KNO3 brings about an increase in the coating uniformity up to 95%. The thickness of the SiO2 coating and its structure depend on the concentration of KNO3 in the medium (Figure 4).



The dependence exhibits three distinct areas. In the range of KNO3 concentrations in the reaction medium from 0 to 10 g/L, the coating thickness increases slowly, reaching a value of ~50 nm at KNO3 concentration of ~10 g/L. In this case, the particle size changes insignificantly, reaching a value of ~15 nm. In the range of KNO3 concentrations from ~10 g/L to ~17.5 g/L, the dependence of the coating thickness and particle size on the salt concentration is steeper. The coating thickness in the specified range of salt concentrations varies from ~60 to ~240 nm, and the particle size varies in the range of approximately 20–210 nm. In the final section, the slope of the curves decreases, and in the salt concentration range of 17.5 ÷ 30 g/L, the coating thickness changes from ~240 to ~310 nm, and the particle size changes from ~210 to 260 nm.




3.3. pH of the Reaction Medium


Figure 5 shows the SEM images of a coated carbon fiber surface obtained in the reaction medium with the parameters indicated in Table 2.



At pH = 4.6, a uniform thin coating is formed on the surface of carbon fibers. It consists of individual particles of silicon dioxide with a size of about 10 nm. A decrease in the pH of the medium to 2.2 leads to an increase in the coating thickness and particle size. A decrease in the pH value to 1.6 causes the formation of a layer of particles on the fiber surface that are not always connected with each other. If pH decreases further to 1, no coating is formed on the fiber surface. Figure 6 shows the dependence of the average thickness of the SiO2 coating (D) and particle size (d) on the pH values of the medium.




3.4. Molar Ratio H2O:TEOS


Figure 7 shows the SEM images of coated carbon fibers obtained in the reaction medium with the parameters indicated in Table 3.



In the medium with an MR in the range from 310 to 103, the formation of uniform coatings of carbon fibers was not observed. Individual particles are present on the fiber surface; their size increases with a decreasing MR. Starting from an MR of about 100, the formation of a coating occurs; its thickness increases as the MR decreases to 40, after which the coating thickness remains almost unchanged. The dependence of the average coating thickness and average particle size on the H2O/TEOS molar ratio in the reaction medium is shown in Figure 8.




3.5. Isopropanol Concentration in the Reaction Medium


Figure 9 shows the SEM images of a coated carbon fiber obtained in the reaction medium with the parameters indicated in Table 4.



At isopropyl alcohol content in the reaction medium of 40%, a silicon dioxide coating with a thickness of about 350 nm is formed on the fiber surface. An increase in the alcohol amount in the initial reaction mixture to 55% leads to an increase in the coating thickness to more than ~500 nm. The average size of the particles forming the coating increases from ~350 nm to ~425 nm. Upon a further increase in the alcohol amount in the reaction medium, both parameters of the fiber coating decrease. The dependence of the average coating thickness and average particle size on the alcohol amount in the reaction medium is shown in Figure 10.




3.6. Current Density


Figure 11 shows the SEM images of a coated carbon fiber obtained in the reaction medium with the parameters indicated in Table 5.



As expected, the thickness of the coating, as well as the size of the SiO2 particles, increases with an increase in the current density. The dependence of the average coating thickness and average particle size on the current density is shown in Figure 12.




3.7. Coating Deposition Time


Figure 13 shows the SEM images of a coated carbon fiber obtained in the reaction medium with the parameters indicated in Table 6.



When the time of deposition coating is up to 0.1 min, no coating is formed on the fiber surface, and only individual particles not connected with each other occur. From a deposition time of 0.1 min, a coating starts to be formed on the surface. As the deposition time increases, the coating thickness and particle size increase too. The dependence of the average coating thickness and average particle size on the deposition time is shown in Figure 14.



Note that from a practical point of view, based on the data obtained, the mode with the reaction medium parameters given in Table 6 and a deposition time of 2 min is optimal.





4. Discussion


4.1. Coating Formation Mechanism


It was stated above that a pH jump of the medium occurs on the surface of the electrodes. The OH-groups are formed at the cathode due to hydrogen reduction from water and, as a result, the pH of the medium increases in the cathode region (Figure 15). On the contrary, H+ cations are formed at the anode during water oxidation, which lowers the pH of the medium in the anode region.



As the concentration of OH-groups increases and the near-cathode volume of the medium (around each filament) reaches pH close to 7, the processes of polycondensation and aggregation of sol particles become faster [16], which facilitates the formation of a SiO2 coating on the surface of carbon fiber filaments.



The described mechanism does not contradict the formation of a coating (uniform in thickness) on all (internal and external) filaments of the carbon fiber bundle. On the one hand, the outer filaments can be assumed to shield the electromagnetic field from the inner filaments so that the coating would be inhomogeneous over the yarn cross-section. However, the comparison of the electrical resistance of a carbon fiber, which is about 20 Ohm × mm2/m, with that of aluminum, which is 0.0271 Ohm × mm2/m, shows a difference of several orders of magnitude. This facilitates the conclusion that the shielding effect makes an insignificant, if any, contribution.



On the other hand, it can be assumed that the amount of a substance in the interfilament space of the yarn is limited. This can lead to a shortage of reagents and, as a consequence, to coating heterogeneity over the yarn cross-section. However, simple calculations show that at a coating thickness of 250 nm, the volume of the reaction medium with a thickness less than 6 μm (with a TEOS concentration of 10 vol.%) must become gelled around each filament, while the average distance between filaments is greater than 50 μm.




4.2. Effect of KNO3 Salt Concentration


It is known from the fundamental work on silica sols [16] that at pH < 3.5, salt has little effect on the gelation process. At pH > 3.5, when the sol particles begin to carry a negative charge on the surface, the addition of salt reduces the net resultant effect of particle repulsion, which accelerates the processes of polycondensation, coagulation, and subsequent gelation or precipitation of particles. The gelation time indicates indirectly the rate of the preceding polycondensation and particle coagulation processes.



The results obtained in this work show that salt concentration plays a crucial role in the coating process, which is in good agreement with the classical concept [17] (Figure 16).



Thus, in the absence of salt in the reaction medium on the fiber-cathode surface, a pH jump up to ≈7 stabilizes the medium in the near-cathode region (Figure 15). A similar pH jump in the presence of salt led to an acceleration of the gelation process and, hence, of the preceding processes. As a result, it led to the formation of a coating. Moreover, the observed increase in the coating thickness is also consistent with the results obtained in the study of salt concentration effect on the gelation rate; exponential dependence of the gelation rate on the salt concentration is given in [18,19,20].




4.3. Effect of pH of the Reaction Medium


The longest gelation time in the acidic pH range from 0.0 to 6.0 was observed at pH of about 2.2, and deviation from this value was found to lead to a decrease in the gelation time [16,17]. In this work, the thickest coatings were obtained at pH of 2.2. Considering that the highest rate of gelation is observed at pH of about 7, the magnitude of the pH jump can be assumed to be about 5 units.



However, gelation rates at pH 6 and 7 do not differ significantly (Figure 15), while the initial pH of the medium below 1.5 completely suppresses coating formation (Figure 6). This can be explained by the fact that only a certain limited number of OH-groups are generated at the cathode, while the dependence of medium pH on the amount of concentrated nitric acid is not linear. For example, a decrease in the pH of the studied reaction medium from 4.6 to 2 units takes about 1 mL/L of concentrated HNO3, while a further decrease to 1 unit requires another 7 mL/L of acid. In other words, the magnitude of the pH jump in the near-cathode region depends on the initial pH of the medium. This explains the lack of coating formation at medium pH below 1.5 since at this medium pH, the pH jump near the cathode hardly reaches 2 units.



The observed decrease in the coating thickness dependence on the reaction medium pH in the range from 2.2 to 4.6 can also be due to the fact that the pH jump near the cathode reaches the alkaline range from 8 to 10 units. In this range, the gelation rate decreases monotonically, leading to a decrease in the coating thickness.




4.4. Effect of MR


The molar ratio (MR) of water to TEOS is known to affect the structure of the silica formed. In this work, we studied the MR region significantly exceeding 6, i.e., the region of the formation of colloidal particles. It is known that a decrease in the MR leads to a decrease in the gelation time regardless of pH [17,21]. The data obtained in this work are in good agreement with this observation. At a low TEOS concentration, the number of particles per unit volume is apparently so small that no continuous coating is formed. Instead, discrete particles are observed on the fiber surface. As the TEOS concentration increases, more particles per unit volume appear around the cathode to participate in coating formation.



At an MR of about 50, a plateau is observed on the plot of the MR effect on the coating thickness. The plateau can be attributed to the electrical isolation of the fiber surface by the coating. This can result in an uneven pH change around the fiber and accretion formation, as clearly seen in Figure 7c,d.




4.5. Effect of Isopropyl Alcohol Concentration


It is known that at pH < 3.5, alcohol acts as a diluent and slows down the gelation process [17]. This fact is in good agreement with the data obtained for an alcohol concentration of more than 55 vol.%, which shows that the coating thickness becomes smaller with an increase in the alcohol concentration. However, in the alcohol concentration range of 40–55 vol.%, on the contrary, an increase in the coating thickness was found to increase with an alcohol concentration. This fact contradicts the classical concept and requires further studies.




4.6. Effect of Current Density and Deposition Time


The number of OH-groups formed at the cathode (fiber) is directly proportional to current density and deposition time. On the other hand, when more OH-groups are formed at the cathode, the larger reaction medium volume around each individual filament reaches pH ≈ 7 and turns into silica. This means that a thicker coating should be observed on the fiber surface at a higher current density. The data obtained (Figure 12) agree well with the above consideration.





5. Conclusions


	
For the first time, a method combining a sol-gel process and electrochemical deposition has been used to deposit oxide coatings on the carbon fiber. The method allows all filaments of a carbon fiber yarn to be uniformly coated. A characteristic feature of the structure of all obtained coatings is that it is formed of interconnected particles. The coating thickness can be pre-set in the range from a few nanometers to 1.2 µm.



	
The work presents the results of studying the effect of current density, deposition time, salt concentration, pH, TEOS/H2O molar ratio, and alcohol concentration in the initial reaction medium on the structure and thickness of the coatings being formed. The results are in good agreement with the classical concepts of the behavior of silica sols.



	
The studies of the effect of KNO3 salt concentration have shown that the presence of salt in the medium of the studied composition is a necessary condition for coating formation. The investigations of the effect of the initial pH medium have demonstrated that for the coating to be formed, the pH jump at the cathode must provide a pH corresponding to the highest rate of gelation in the near-cathode volume (pH ≈ 7 under the studied conditions).



	
An increase in the MR in the range from 50 to 300 leads to a decrease in the coating thickness. On the contrary, an increase in the alcohol concentration from 55 to 78% leads to its increase. In the alcohol concentration range from 40 to 55 vol.%, an increase in the concentration leads to an abnormal increase in the coating thickness; this fact does not fit with the classical concept and requires additional studies.



	
The investigations of the current density effect and deposition time have shown that coating thickness directly depends on these parameters.
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Figure 1. Coating deposition scheme. 
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Figure 2. Representative images of the coated fiber. Magnification of (a) 3000×, (b) 50,000×. 
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Figure 3. Surface of the coated carbon fiber formed in the reaction medium with KNO3 salt concentration from 0 to 30 g/L: (a) 0 g/L, (b) 10 g/L, (c) 20 g/L, (d) 30 g/L. 
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Figure 4. Dependence of the average coating thickness (D) and average particle size (d) on the salt concentration (CKNO3) in the reaction medium. 
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Figure 5. Surface of the coated carbon fiber formed in the reaction medium with different pH values: (a) pH = 4.6, (b) pH = 2.2, (c) pH = 1.9, (d) pH = 1.4. 
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Figure 6. Dependence of the average coating thickness (D) and average particle size (d) on the pH of the reaction medium. 
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Figure 7. Surface of the coated carbon fiber formed in the reaction media with different molar ratios of TEOS to H2O: (a) MR = 310, (b) MR = 103, (c) MR = 62, (d) MR = 51. 
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Figure 8. Dependence of the average coating thickness (D) and average particle size (d) on the molar ratio H2O/TEOS (MR) in the reaction medium. 
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Figure 9. Surface of the coated carbon fiber formed in the reaction media with different IPA concentrations: (a) 40%, (b) 50%, (c) 57%, (d) 78%. 
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Figure 10. Dependence of the average coating thickness (D) and the average particle size (d) on the IPA amount in the reaction medium. 
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Figure 11. Surface of the coated carbon fiber formed at current density from 0.8 to 5.3 mA/cm2: (a) 0.8 mA/cm2, (b) 1.7 mA/cm2, (c) 2.6 mA/cm2, (d) 3.5 mA/cm2. 
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Figure 12. Dependence of the average coating thickness (D) and average particle size (d) on the current density (j). 
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Figure 13. Surface of the coated carbon fiber at different deposition times: (a) 0.01 min, (b) 0.06 min, (c) 0.1 min, (d) 0.5 min. 
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Figure 14. Dependence of the average coating thickness (D) and average particle size (d) on the deposition time (τ). in case of decimal numbers. 
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Figure 15. Scheme of pH change in the near-cathode volume (CR) of the reaction medium (RM) using the example of one carbon fiber filament. 
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Figure 16. Effect of pH on the relative gelation time in silica sol. 
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Table 1. The parameters of the reaction medium for determining the salt effect.






Table 1. The parameters of the reaction medium for determining the salt effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	45
	62
	0–30
	1.68
	3.5
	1










[image: Table] 





Table 2. The parameters of the reaction medium for determining the pH effect.






Table 2. The parameters of the reaction medium for determining the pH effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	45
	103
	20
	1.0–4.59
	3.5
	1










[image: Table] 





Table 3. The parameters of the reaction medium for determining the MR effect.






Table 3. The parameters of the reaction medium for determining the MR effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	45
	44–310
	20
	1.79
	5.3
	1
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Table 4. The parameters of the reaction medium for determining the IPA concentration effect.






Table 4. The parameters of the reaction medium for determining the IPA concentration effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	40–78
	62
	20
	2.35
	3.5
	1
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Table 5. The parameters of the reaction medium for determining the current density effect.






Table 5. The parameters of the reaction medium for determining the current density effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	67
	62
	20
	2.23
	0.8–5.3
	1
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Table 6. The parameters of the reaction medium for determining the deposition time effect.






Table 6. The parameters of the reaction medium for determining the deposition time effect.





	CIPA, Vol.%
	MR
	Csalt, g/L
	pH
	J, mA/cm2
	τ, Min





	67
	62
	20
	2.23
	5.3
	0.01–2
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