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Abstract

:

Inorganic–organic composite coatings with fluoroethylene vinyl ether (FEVE) resin as polymer matrix and sodium iron titanate (NFTO) whiskers with different aspect ratios as reinforcement filler are prepared by the liquid-phase blending method. The influence of aspect ratio and content of NFTO whiskers on the morphology, and the mechanical and tribological performances, of NFTO-reinforced FEVE composite coatings are investigated. The addition of NFTO whiskers can obviously enhance the mechanical and wear resistance performances of the composite coatings and reduce the friction coefficient. The worn surface and wear debris of the composite coatings are studied with scanning electron microscopy (SEM) to reveal the friction-reducing and wear resistance mechanisms. The composite coating filled with ~10 wt.% NFTO whiskers has the best wear resistance performance, since the monodispersed hard whisker can carry the load applied on the sliding surface and reduce the adhesive wear of the polymer matrix. Among the three types of NFTO whiskers, the whiskers with a medium aspect ratio show the best reinforcement effect since they provide the optimum mechanical support to the polymer matrix and cannot be pulled out from the matrix easily.
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1. Introduction


Polymeric coatings have been widely applied in various industrial fields, such as marine equipment, construction, automobiles, etc., to improve the surface performance of products [1,2]. The solvent soluble fluorine-olefin/vinyl ether copolymer (FEVE) coating, as a main branch of advantaged fluorocarbon polymers, has a variety of outstanding characteristics, including chemical resistance, weather resistance, and ambient temperature curability [3,4,5]. Nevertheless, similar to other polymeric coatings, FEVE coating is susceptible to erosion and abrasive wear, resulting in the appearance of plastic deformation and crack initiation, and thus impairs the protection and barrier performance of the coating [6,7]. Accordingly, improving the mechanical strength and wear resistance performance of FEVE coating is of great practical significance.



Inorganic–organic composites have attracted significant attention by introducing hard reinforcement fillers or friction-reducing fillers to improve the hardness, stiffness, compressive strength, and wear resistance performance of matrix [8,9]. The commonly used inorganic fillers or micro/nano particles include carbon nanotubes, glass fibers, MoS2, and ceramics [10,11]. Additionally, their chemical composition, sizes, shapes, and filling content can be tuned to meet the requirement of different application fields. Among numerous inorganic fillers, titanium-based whiskers have attracted significant attention owing to their excellent mechanical strength, wear resistance, and chemical and thermal stability [12,13]. Xie et al. [8] investigated the enhanced tribological performance of potassium titanate whisker (PTW) incorporated polyetheretherketone (PEEK) / polytetrafluoroethylene (PTFE) composites. Zhuang et al. [14] prepared PTW/PEEK composites and demonstrated that PTW has a significant reinforcement effect on the mechanical performance of polymer matrix. Liu et al. [15] chose nanoscale PTW (AX-301) with a large aspect ratio as the functional filler to prepare composites with excellent thermal reflectivity and insulation performance. Feng et al. [16] chose PTW as fillers to improve the crystallization and tribological performance of PTFE. Nevertheless, the influence of the aspect ratio of titanium-based fillers on the tribological and mechanical performances of polymeric composites remains relatively unexplored [17,18,19].



In the present work, sodium iron titanate (NFTO)/FEVE composite coatings are prepared by the method of liquid-phase blending, with various contents and aspect ratios of modified NFTO whiskers as the hard reinforcement filler. The main objective of this work is to compare the mechanical and tribological performances of fluorocarbon composite coatings reinforced by whisker shaped titanium-based fillers with different aspect ratios. The wear resistance mechanism regarding different contents and aspect ratios of whiskers are discussed and revealed. The present results can provide some practical guidance for developing polymeric protective coatings with excellent wear resistance performance which is suitable for different application environments.




2. Materials and Methods


2.1. Reagents and Materials


FEVE resins (JF-2X) were purchased from Changshu 3F Fluorochemical Industry Co. Ltd. (Changshu, China). Polyisocyanate curing agent (N3390) was purchased from Bayer (Bayer, Germany). Butyl acetate was purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Propylene glycol monomethyl ether acetate (99.0%) was obtained from Aladdin Chemical Reagents Company (Shanghai, China). Absolute ethanol (>99.7%) was purchased from Wuxi Yasheng Chemical Co. Ltd. (Wuxi, China). Vinyl tris(β-methoxyethoxy) silane (A172, >98%) was purchased from Shanghai Yuanye Biotechnology Co. Ltd. (Shanghai, China). Glacial acetic acid (≥AR) was provided by Shanghai Lingfeng Chemical Reagent Co. Ltd. (Shanghai, China). Carbon steel sheets (150 mm × 70 mm × 1 mm) were purchased from Kunshan Xinheng Precision Mold Hardware Co. Ltd. (Kunshan, China).



Three types of NFTO whiskers with different aspect ratios were prepared with the molten salt method in the laboratory. To prepare the Whisker L (NFTO whiskers with a large aspect ratio), FeTiO3 was used as the iron source. The raw materials with the molar ratio of FeTiO3/TiO2/Na2CO3 = 1.3:2:1, and the molten salt NaCl with the molar mass 4 times of the raw materials were mixed and then sintered at 900 °C for 4 h. Once finished sintering, the product was cooled to room temperature, washed with water, and dried at a temperature of 60 °C for 24 h to obtain the Whisker L sample. The Whisker M (NFTO whiskers with a medium aspect ratio) was prepared with the same procedure, but the iron source was replaced by Fe2O3. To prepare the Whisker S (NFTO whiskers with a small aspect ratio), FeTiO3 was still the iron source, but KCl-NaCl (1:1) was used, and the sintering temperature was increased to 1000 °C. Other preparation conditions, such as the molar ratio of raw materials and the sintering duration, were consistent with the preparation procedure of Whisker L and Whisker M. The standard X-ray diffraction (XRD) characteristic pattern of NFTO whiskers (NaFeTiO4) is PDF#33-1255 [20].




2.2. Surface Modification of Three Types of NFTO Whiskers


Ten grams of NFTO whiskers were first added into a 50 mL mixture of ethanol and water (the volume ratio of ethanol/water = 9:1) and the pH value of the solution was adjusted to 4 using glacial acetic acid. Then, a certain amount of silane coupling agent A172 (0.05, 0.1, 0.2, 0.3, 0.5, or 0.8 g) was added into the mixture, followed by 30 min of ultrasonic agitation. After forming a uniform suspension, the sample was moved into an oil bath and kept at 100 °C with mechanical agitation till the solvent of suspension was completely evaporated. The A172 modified NFTO whiskers were obtained after sieving the dried sample.




2.3. Preparation of NFTO/FEVE Composite Coatings via the Liquid-Phase Blending Method


NFTO/FEVE composite coatings were prepared via the liquid-phase blending method. First, FEVE resin, butyl acetate, and propylene glycol monomethyl ether acetate were mixed in a 250 mL beaker and the mixture was agitated at 2500 rpm for 30 min to become a homogeneous solution. Then, a certain content of NFTO whiskers (0, 2.5, 5.0, 7.5, 10.0, 12.5, or 15.0 wt.%) and polyisocyanate curing agent (the mass ratio of curing agent/FEVE resin = 1:5) were added into the solution. After being stirred for another 30 min at 2500 rpm, the mixed solution was finally evacuated to remove air bubbles, forming coating paint.



In a typical procedure of preparing a coating, a certain amount of the coating paint was dropped on the surface of a freshly polished steel substrate. The brush of a wire bar coater (ZBQ 100/200/300/400, Pusheng Testing Instrument Co. Ltd. (Shanghai, China)) uniformly spread the paint over the substrate at a constant sliding speed (~150 mm/s) to make a uniform coating [21,22]. The wet film thickness of the coating was 400 μm. The isocyanate groups in the polyisocyanate curing agent could cross-link with the hydroxyl groups in the FEVE resin, resulting in the curing of the coating, as shown in Figure S1. After being cured for 72 h at room temperature, an NFTO/FEVE composite coating with a uniform thickness of 40 ± 5 μm was obtained.




2.4. Mechanical Performance Tests


The adhesion performance of the as-prepared NFTO/FEVE composite coatings was tested according to the GB/T 9286-1998 [23] grid test method. A multi-blade cutter (QHF002, Pusheng Testing Instrument Co. Ltd., Shanghai, China) was used to cut uniform meshes on the coating at a uniform speed. Then, a piece of scotch tape was stuck on to cover the coating and then quickly peeled off. The adhesion performance of the coating was determined by the peeling degree of the coating from its steel substrate. Grade 0 represents the best adhesion performance, when no coating peeled off the steel substrate at all; and Grade 5 represents the worst adhesion result with more than 65% of the area of the coating partially or completely peeled off.



The hardness of the as-prepared composite coatings was tested according to the GB/T 6739-2006 [24] pencil method (QHQ-A-750, Flora Automatic Technology Co. Ltd. (Tianjin, China)). A pencil with the lowest hardness (9B) was fixed in the test instrument to keep the bottom of the instrument parallel to the coating surface, which was placed on a horizontal table. The pencil tip slightly touched the surface of the coating and left traces on it when the test instrument was driven through the coating surface at a speed of 0.5–1 mm/s. If there was no indentation left on the coating surface after erasing the pencil mark, then the test was repeated with a pencil of higher hardness. The hardness of the coating was defined according to the hardest pencil the coating could stand without leaving an indentation longer than 3 mm on the surface of the coating.



The impact resistance performance of the as-prepared composite coatings was determined using the GB/T 1732-1993 [25] impact test method (QCJ-50, Shanghai Meiyu Instrument Equipment Co. Ltd., Shanghai, China). The coating was placed face up or face down on the sample holder to undergo a positive or negative impact generated by a hammer falling from a certain height. The impact resistance of the coating was defined by the most powerful force that did not cause cracks on the coating surface.




2.5. Tribological Property Tests


The friction and wear behaviors of the NFTO/FEVE composite coatings were tested on a multifunctional material surface performance tester (CFT-I, Lanzhou Zhongke Kaihua Technology Development Co. Ltd., Lanzhou, China)). All the tests were conducted under the dry sliding friction condition at room temperature. A steel ball (4 mm in diameter, under 3 N load) moved in a linear reciprocating fashion on the coating surface at a fixed speed of 500 r/min and a reciprocating amplitude of 5 mm for 15 min. For comparison, the same tests were also carried out on FEVE coatings.




2.6. Other Characterizations


The microstructures of the cross-section, worn surface, and wear debris of coatings were studied with scanning electron microscopy (Nova Nano SEM 450, FEI, Hillsboro, OR, USA). X-ray diffraction (XRD, D8-Advance, Bruker, Germany), operating at 40 kV and 40 mA with the scan range of 5°–70° (2θ) and scanning rate of 10°/min, was used to characterize the crystalline phase and structure of NFTO whiskers. Fourier transform infrared (FT-IR) spectra were collected using a RQUINOX55 spectrometer (Nicolet IS10, Beijing, China) to study the functional groups on the surface of modified NFTO whiskers. The contact angle measuring instrument (SDC-350, SINDIN, Guangdong, China) was used to evaluate the wettability on the surface of the NFTO whiskers. To measure the contact angle of the unmodified and modified NFTO whiskers, samples were flatly filled up in a fixed Teflon ring. After 6 μL of distilled water was dropped on the sample surface, a photo was immediately taken for measurement.





3. Results and Discussion


3.1. Morphology and Aspect Ratio Distribution of NFTO Whiskers


Three types of NFTO whiskers were used as the reinforcement fillers to prepare FEVE composite coatings. Figure 1 shows the SEM images of as-prepared whiskers with a slender needle-shape morphology. Whisker L has an average length of ~12 μm, and the corresponding diameter is ~0.5 μm, as shown in Figure 1a. Whisker M has a relatively short and thick morphology, with a length varying from 8 to 9 μm and the diameter is about 0.8–0.9 μm, as shown in Figure 1b. Whisker S has the shortest length in the three types of NFTO whiskers, with an average length of ~2 μm, and the corresponding diameter is 0.3–0.4 μm, as shown in Figure 1c.



The aspect ratios of the three types of NFTO whiskers, calculated based on the statistic results, are shown in Figure 1d. In order to get an accurate statistical result, about five SEM images (200–300 whisker specimens) were used for each type of NFTO whiskers. The aspect ratio of the majority of Whisker L falls in the range of 22 to 26, and the corresponding fraction in this range is about 70%. The aspect ratio of most of Whisker M falls in the range of 7 to 14, and the corresponding fraction in this range is about 60%. The aspect ratio of the majority of Whisker S falls in the range of 3 to 7, and the corresponding fraction in this range is about 80%.



The phase composition and purity of the three types of NFTO whiskers were identified by XRD patterns. As shown in Figure 1e, the diffraction patterns of the three NFTO whiskers are consistent with the standard pattern of NaFeTiO4 (PDF#33-1255), indicating the excellent phase purity of prepared samples. The relative strong peak intensities of NFTO whiskers also implies the good crystallinity of prepared whiskers. It is noteworthy that the (112) crystal face of the three samples is slightly different in peak intensity from that in the standard pattern, which can be attributed to the preferential growth of NFTO whiskers. In addition, the characteristic signals of unreacted reactants (Na2CO3) or intermediate phase (Fe2O3) have not appeared, indicating the complete conversion of raw materials [20].




3.2. Chemical Modification of NFTO Whiskers


In order to obtain hydrophobic NFTO whiskers and improve their dispersity in FEVE resin, the three types of NFTO whiskers were modified by different contents of coupling agent A172. Figure 2 shows the contact angle results of modified and unmodified whiskers. The unmodified NFTO whiskers (0 wt.% of A172) are highly hydrophilic, with a contact angle of ~30°. After being modified with A172, for all three types of NFTO whiskers, the contact angle quickly increases as the content of A172 rises to 1 wt.%, then gradually reaches the maximum value around 3 wt.%, and finally shows a very slight decline with the further addition of A197. When the content of A172 is no more than 3 wt.%, the hydroxyl groups on the whisker surface dehydrate with the silanol groups on A172; thus, the hydrophobicity of whiskers can be improved. An excess content of A172 may cause the polymerization of coupling agent molecules, which can affect the reaction between the A172 and the whisker’s surface, resulting in slightly less hydrophobicity and a smaller contact angle. Therefore, 3 wt.% of A172 is the optimum amount for the surface modification of NFTO whiskers, and the contact angles of modified whiskers are 143.1°, 139.3°, and 141.6°, respectively, for Whisker L, Whisker M, and Whisker S. Figure S2 shows the dispersibility of the three types of NFTO whiskers in butyl acetate, the diluent of FEVE resin, before and after the surface modification with A172. It can be seemed that the modified whiskers can be well dispersed in the solvent.



The modification mechanism of coupling agent A172 on the surface of NFTO whiskers is shown in Figure 3. The reaction process can be divided into three steps. (i) In the presence of water, the alkoxy groups on A172 are prone to hydrolyze and generate silanols. Since the alkoxy groups can hydrolyze at a high rate, alcohol needs to be added in the reaction mixture to inhibit the hydrolysis rate. (ii) The dehydration condensation of the formed silanols with the large amount of hydroxyl groups on the surface of NFTO whiskers leads to the formation of a Si–O–Ti bond, and thus the coupling agent can be grafted on the whisker’s surface. (iii) The vinyl groups at the end of the coupling agent molecular chain combine with the FEVE resins by forming hydrogen bonds. Meanwhile, the silanols on the coupling agent molecules can combine with each other and form a network-like film, covering the surface of the whisker and realizing its surface modification [26]. In the FT-IR spectra of the modified NFTO whiskers, as shown in Figure S3, the peak at 1323 cm−1, corresponding to the Si–O–Ti bond and the characteristic peak of vinyl CH2=CH–R at 1568 cm−1, are both observed, indicating that the whisker has been successfully modified with A172.




3.3. The Cross-Sectional Morphology of NFTO/FEVE Composite Coatings


The dispersibility of the modified NFTO whiskers in FEVE resins can be evaluated with the cross-sectional morphology of composite coatings. The cross-section of the FEVE coating is very smooth, and almost no wrinkles, holes, or other defects are noticeable, as shown in Figure S4. Figure 4 shows the cross-sectional SEM images of the three types of NFTO/FEVE composite coatings filled with different types of NFTO whiskers. For the NFTO/FEVE composite coatings filled with 5 wt.% whiskers, as shown in Figure 4(a1, b1, c1), the cross-sections of all the three coatings are coarse because of the addition of fillers. The filled whiskers are distributed in matrix without agglomeration or formation of obvious structural defects, indicating that the modified whiskers have an excellent dispersibility in resin matrix due to the surface modification of CH2 groups [11]. There are few small holes observed in each SEM image, and they are left behind by the whiskers which were pulled out while the coatings were frozen in nitrogen and broken for SEM samples.



With the increase of the whisker’s content to 10 wt.%, as shown in Figure 4(a2, b2, c2), the filled whiskers are still evenly dispersed in matrix, but structural defects have appeared, especially in Whisker S, as shown in Figure 4(c2). For the composite coatings filled with 15 wt.% whiskers, as shown in Figure 4(a3, b3, c3), more structural defects are observed, and some whiskers have stacked together. The severe stacking of filler whiskers at a high filling concentration is also observable in the optical images of their coatings, as shown in Figure S5. The above results indicate that the whisker content has reached a saturated state, and the further increase of the filler concentration may cause an attenuation of the integral properties of composite coatings.




3.4. Mechanical Performances of the NFTO/FEVE Composite Coatings


The filler concentration dependent mechanical performances (adhesion, hardness, and impact resistance) of the three types of NFTO/FEVE composite coatings filled with Whisker L, M, and S, respectively, are shown in Figure 5. Compared with the performance of the FEVE coating, the adhesion, hardness, and positive impact resistance of the NFTO/FEVE composite coatings are significantly increased, from Grade 4 to Grade 2, 1 H to 3 H, and 0.98 to 1.57 N·s, respectively, as shown in Figure 5a–c. It implies that the modified NFTO whiskers have good interface interaction with the matrix, and they indeed reinforce the mechanical strength of the composite coatings. The influence of the whisker content and the aspect ratio on the adhesion, hardness, and positive impact resistance of composite coatings were not found, but the negative impact resistance of composite coatings was greatly improved. The enhancement extent is dependent on the content of whiskers. The addition of a small amount of NFTO whiskers plays a supporting role in the impact process, thus can significantly improve the negative impact resistance of composite coatings. However, the steel substrate is under the direct impact from the hammer and is easier to deform due to its low toughness. The composite coating with a higher filler content of NFTO whiskers has less extensibility and so cracks will form, resulting in an attenuated negative impact resistance.




3.5. Tribological Behaviors of NFTO/FEVE Composite Coatings


The change of friction coefficient and wear volume loss of the NFTO/FEVE composite coatings filled with different contents and aspect ratios of NFTO whiskers are shown in Figure 6. The average friction coefficient of the pure FEVE coating is 0.934 and it is significantly reduced with the addition of NFTO whiskers, as shown in Figure 6a. The friction component generated by adhesion is equal to the product of the actual contact area between the polymeric matrix and the metal counterpart and the shear stress of soft material [27]. With the addition of NFTO whiskers, the hard reinforcement fillers can carry the load applied on the sliding surface directly and reduce the real contact area of the polymer matrix with the metal counterpart, resulting in a significantly reduced friction coefficient of the NFTO/FEVE composite coatings [28].



For the composite coatings filled with Whisker L, the friction coefficient first decreases with the increase of whisker content till 10 wt.%, with the lowest average friction coefficient of 0.656, and then increases with the filler content, as shown in Figure 6a. The increase of the content of NFTO whiskers causes a larger abrasive force to the metal counterpart, resulting in the increase of the friction coefficient. When the content of Whisker L is 15 wt.%, the average friction coefficient reaches 0.791. The wear volume loss evolution of composite coatings filled with different contents of whiskers also illustrates the reinforcement effect of inorganic whiskers. The wear volume loss of the unfilled FEVE coating is 0.170 mm3, as shown in Figure 6b. For the composite coatings filled with Whisker L, the wear resistance first increases with the content of Whisker L, and then decreases. When the content of Whisker L is 10 wt.%, the composite coating reaches the lowest wear volume loss value (0.007 mm3), a 95.9% reduction from the unfilled FEVE coating. The wear resistance performance of NFTO whiskers filled composites is far better than that of other reported coatings filled with titanium-based whiskers [8,16].



The composite coatings filled with Whisker M have a lower friction coefficient, compared with that filled with Whisker L, as shown in Figure 6a. Different from the whiskers with a large aspect ratio, which are easier to be broken under an external force, resulting in a larger abrasive force, Whisker M has a medium aspect ratio, and therefore can result in a better friction-reducing effect on the composite coatings. The composite coating reaches the smallest friction coefficient value (0.608) when the content of Whisker M is 5.0 wt.%. The wear volume loss of composite coatings filled with Whisker M is very similar to that with Whisker L, as shown in Figure 6b.



Compared with Whisker L and Whisker M filled composite coatings, the composite coatings filled with Whisker S have higher friction coefficients and wear volume losses, as shown in Figure 6a,b, indicating the worst friction-reducing and wear resistance effect. We speculate that the NFTO whiskers with a small aspect ratio have a relatively weak binding force with the polymer matrix, and thus can be separated from the matrix easily. In addition, the load-carrying capability of Whisker S is relatively weak, and so the whiskers can be squeezed out from the matrix and torn apart together with wear debris by the means of adhesive wear [29].



Figure 7 shows the SEM images of the worn surface and wear debris of the unfilled FEVE coating and NFTO/FEVE composite coatings filled with different contents of Whisker L, Whisker M, and Whisker S. The surface of the unfilled FEVE coating is subjected to adhesive wear, and so the worn surface is rough and has large numbers of cracks, as shown in Figure 7(a1). The high adhesion force between the matrix and steel counterpart results in the high friction coefficient of the unfilled coating. The flake-like debris with a large size can be torn apart from the matrix, as shown in Figure 7(a2), resulting in the severe wear volume loss.



Compared with the unfilled FEVE coating, the worn surface of NFTO/FEVE composite coatings filled with Whisker L turned smoother and no cracks appeared, as shown in Figure 7(b1,7c1, d1). When the contents of Whisker L are 5 wt.% and 10 wt.%, no obvious holes and defects can be observed on the worn surface, indicating that the filled whiskers can carry the applied load effectively and reduce the adhesive wear of matrix. While for the composite coatings filled with 15 wt.% Whisker L, structural defects and holes have appeared, indicating that the whiskers were enriched in the composite coating, which caused adhesive wear on the surface. The wear debris is a product of friction experiments and its morphologies and sizes are closely related to the wear resistance performance of the composite coatings. The wear debris images of NFTO/FEVE composite coatings filled with different contents of Whisker L are shown in Figure 7(b2,7c2,7d2). All the wear debris shows a flake-like morphology with a size smaller than that from the pure FEVE coating, indicating the excellent wear resistance performance of the NFTO/FEVE composite coatings.



Compared with the Whisker L filled composite coatings, the composite coatings filled with Whisker M show a smoother worn surface, and almost no signs of plastic deformation and adhesion can be detected, as shown in Figure 7(e1, f1, g1), indicating that the main wear mechanism is minor abrasion. The worn surface of the composite coating filled with 10 wt.% Whisker M has the smoothest worn surface, as well as the finest debris, indicating the excellent reinforcement effect of the monodispersed whiskers with a medium aspect ratio. Meanwhile, the wear debris of composite coatings filled with 15 wt.% Whisker M have a larger and more uniform morphology than that with a lower fill content, indicating that the partial stacking of whiskers may cause the severe localized adhesive wear.



The worn surfaces of Whisker S filled composite coatings show the plastic deformation of matrix, indicating that the whiskers with a short length cannot carry the load applied on the sliding surface, as shown in Figure 7(h1, i1, j1). More defects and holes appeared on the worn surface of the composite coating filled with 15 wt.% Whisker S. It seems that the whiskers were enriched in the composite coatings and caused severe adhesive wear on the surface. Meanwhile, the wear debris size of the Whisker S filled composite coatings decreases with the increase of fill content, as shown in Figure 7(h2, i2, j2). At a low fill content, the whiskers with a short length cannot support the matrix effectively and attenuate the adhesive wear of the counterpart on the matrix, and thus, large pieces of wear debris can be torn apart from the polymer matrix. With the increase of the fill content, the extruded short whiskers act as third-body abrasive particles, resulting in the formation of wear debris with fine morphology.





4. Conclusions


The addition of modified NFTO whiskers can enhance the mechanical and tribological performances of FEVE coatings significantly. With the whisker filling content of ~10 wt.%, the prepared composite coatings exhibited the optimum friction-reducing and wear resistance performances, as the monodispersed hard whiskers can carry the load applied on the sliding surface and reduce the adhesive wear of polymer matrix. The appearance of partially stacked whiskers at a high filler content deteriorates the structural strength of the composite coatings, resulting in a degraded wear resistance performance. Meanwhile, the composite coatings filled with Whisker M have the optimum friction-reducing and wear resistance performance, as Whisker M processes the best mechanical support to the polymer matrix and cannot be pulled out from the matrix easily.
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Figure 1. (a–c) SEM images, (d) aspect ratio distribution, and (e) XRD patterns of three types of sodium iron titanate (NFTO) whiskers. 
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Figure 2. The contact angles of three types of NFTO whiskers modified with different contents of coupling agent A172. 
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Figure 3. Schematic illustration of the modification mechanism of coupling agent A172 on the surface of NFTO whiskers. (i) The hydrolysis of coupling agent A172, (ii) the dehydration condensation of coupling agent with whiskers, and (iii) the combination of coupling agent A172 and fluoroethylene vinyl ether (FEVE) resin. 
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Figure 4. Cross-sectional SEM images of NFTO/FEVE composite coatings filled with different contents of (a,a1,a2) Whisker L, (b,b1,b2) Whisker M, and (c,c1,c2) Whisker S. The filled content of NFTO whiskers is (a1,b1,c1) 5 wt.%, (a2,b2,c2) 10 wt.%, and (a3,b3,c3) 15 wt.%. 
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Figure 5. Mechanical performances of the pure FEVE coating and three types of NFTO/FEVE composite coatings with different fill contents. (a) Adhesion performance, (b) hardness, (c) positive impact strength, and (d) negative impact strength. 
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Figure 6. (a) Friction coefficient and (b) wear volume loss of the unfilled FEVE coating and NFTO/FEVE composite coatings filled with different contents of Whisker L, Whisker M, and Whisker S. 
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Figure 7. SEM images of the worn surface and wear debris of (a1,a2) the pure FEVE coating and (b1–j1,b2–j2) NFTO/FEVE composite coatings. (b1,b2) 5 wt.%, (c1,c2) 10 wt.%, and (d1,d2) 15 wt.% of Whisker L; (e1,e2) 5 wt.%, (f1,f2) 10 wt.%, (g1,g2) 15 w.% of Whisker M; (h1,h2) 5 wt.%, (i1,i2) 10 wt.%, (j1,j2) 15 wt.% of Whisker S. 






Figure 7. SEM images of the worn surface and wear debris of (a1,a2) the pure FEVE coating and (b1–j1,b2–j2) NFTO/FEVE composite coatings. (b1,b2) 5 wt.%, (c1,c2) 10 wt.%, and (d1,d2) 15 wt.% of Whisker L; (e1,e2) 5 wt.%, (f1,f2) 10 wt.%, (g1,g2) 15 w.% of Whisker M; (h1,h2) 5 wt.%, (i1,i2) 10 wt.%, (j1,j2) 15 wt.% of Whisker S.
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