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The present study involves the preparation of continuous carbon fiber samples treated with epoxy-based sizing agent (EP) and vinyl ester resin-based sizing agent (VE), alongside untreated fibers, aiming to explore the influence pattern of interfacial differences caused by these sizing agents on the compressive properties of carbon fiber composites. Surface analysis, including Scanning Electron Microscope (SEM), Atomic Force Microscope (AFM), and X-ray Photoelectron Spectroscopy (XPS), followed by testing the mechanical properties of carbon fibers and the composite materials. Results indicate that, compared to unsized carbon fibers, EP and VE increase the O atom content on the carbon fiber surface by 13.0% and 18.1%, respectively, and enhance the proportion of active C atoms by 11.3% and 20.3%, respectively. The interlaminar shear strength (GB/T) of carbon fibers is improved by 9.3% and 20.0%, respectively. Given the compatibility between the sizing agent and the matrix resin, VE improves the open-hole compressive strength of composites by 6.7% compared to EP. This improvement in interface bonding performance positively impacts the open-hole compressive properties of the composites, though it has limited effect on the 0° compressive and post-impact compressive strengths. Following EP and VE sizing, the 0° compressive strength increases by 11.8% and 13.6%, respectively, with VE only resulting in a marginal 1.6% improvement over EP. The enhancements in both interlaminar shear strength and open-hole compressive strength are attributed to the increased number of active functional groups at the fiber-resin interface, facilitated by sizing agents, which promote stronger chemical bonding and thus improved load transfer between the fibers and the matrix. VE demonstrates superior performance over EP in regulating the interface state of carbon fibers.The presence or absence of a sizing agent has a more significant impact on the compressive properties of carbon fiber composites than the type of sizing agent used. These findings provide valuable insights for optimizing the preparation and enhancing the compressive performance of carbon fiber composite materials.
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1 INTRODUCTION
Carbon fiber reinforced resin-based composite materials, due to their superior mechanical properties, corrosion resistance, fatigue resistance, and creep resistance, have been widely applied in modern industrial systems such as aerospace, wind power, photovoltaic, and new energy vehicles, becoming one of the most important materials in the field of new materials (He, 2010; Li et al., 2019). However, the mainstream dry-jet wet spinning carbon fibers have smooth and inert surfaces, resulting in a weak interface between the carbon fiber and the resin. This weak interface causes interface delamination during the application of composite materials, thereby affecting the performance of carbon fiber composite materials (Totry et al., 2010). Currently, there are two main methods to improve the interface of carbon fiber resin-based composite materials. One method is to treat the surface of the carbon fiber itself, such as using anodic electrochemical oxidation treatment (Zhang, 2010; Wu, 2017), plasma sputtering treatment, surface electrophoresis coating or grafting treatment (Deng et al., 2015; Jiang et al., 2015; Deng et al., 2016; Gao et al., 2016; Xiong et al., 2023), which involve physical or chemical methods to treat the surface of the carbon fiber. Anodic electrochemical oxidation is the most mature method used in industry for surface modification. Another method involves introducing a sizing agent layer between the carbon fiber and the resin, utilizing the bridging effect of the sizing agent layer to connect the fiber surface internally and the resin matrix externally (Guo et al., 2012; Hao et al., 2016), thereby enhancing the interface properties of the carbon fiber resin-based composite material. Current research on carbon fiber sizing agents focuses on altering the type of sizing agents, modifying them, or doping them with additives (Chen et al., 2011; Liu, 2012; Zhang et al., 2013; Xingyao et al., 2016; Zhang et al., 2016; Yuan et al., 2017; Zhao et al., 2017; Guang et al., 2019; Wang et al., 2022). Carbon nanotubes, graphene oxide, silica, and other materials are commonly used as additives (Zhang et al., 2007; Zhao, 2017; Wu et al., 2018; Biswas et al., 2023; Geng et al., 2023).
High-performance carbon fiber composite materials represented by T800-grade carbon fibers have always faced the challenge of poor impact resistance and compressive strength far lower than tensile strength during application, which severely restricts the performance and application of high-performance carbon fiber (Nunna et al., 2023). Currently, many scholars have conducted a series of studies focusing on the low compressive performance of carbon fiber composites, primarily examining three aspects: carbon fiber body, matrix resin, and the interface layer between fiber and resin. Research on carbon fiber bodies focuses on fiber diameter, fiber compressive strength, microcrystal size, core-shell structure, etc. (Li et al., 2018; Wenmo, 2019; Jia, 2020; Lu Gan, 2020; Zhu et al., 2020; Shi et al., 2021; Wang, 2021), while research on matrix resins focuses on graft modification, doping modification, etc. (Qi et al., 2006; Subramaniyan and Sun, 2006; Fu et al., 2008; Marouf, 2009; Marouf et al., 2009; Young et al., 2012; Marouf et al., 2016). Taking carbon fiber epoxy resin-based composite materials prepared by Japan’s Toray Industries as an example, when carbon fibers change from T300 to T1100, their tensile strength nearly doubles while the compressive strength remains almost unchanged (Toray Industries, 2023). Therefore, improving the tensile performance of carbon fibers cannot effectively solve the problem of low compressive strength of carbon fiber composite materials. Currently, scholars generally agree that there are four types of compressive failure modes in carbon fiber composites: shear, interlaminar, interfacial, and kink-band failure (Nunna et al., 2023). The interfacial delamination caused by the weak interface between carbon fiber and resin is considered one of the important factors leading to shear and interlaminar damage due to compression instability (Prabhakar and Waas, 2013). Although the use of sizing agents to improve the interfacial performance of carbon fiber composites has become a research hotspot, most current studies focus on the improvement of interfacial performance of carbon fiber composites by sizing agents, concentrating on changes in interlayer shear strength or interfacial shear strength of carbon fiber. However, few studies have examined the practical application of sizing agents and their impact on the performance of carbon fiber composites, especially compressive performance. This paper commences from the perspective of industrial applications, preparing two sizing agents, EP and VE. Through adjusting the molecular structure types of the sizing agents, it modulates and characterizes the functional group states on the surface of carbon fibers. The paper delves into the correlation between the type of sizing agent and the surface properties of carbon fibers. Furthermore, it establishes the impact pattern of the sizing agents on the compression strength of carbon fiber composite materials.
2 EXPERIMENT SECTION
2.1 Experimental materials
The two sizing agents, EP and VE, used in the experimental process are homemade, water-based white emulsions, with a solid content of 40%. Among them, VE contains a certain proportion of EP.
The volume average particle sizes of EP and VE are 0.645 μm and 0.632 μm respectively. The temperatures at which 50% weight loss occurs are 378.8°C and 389.2°C respectively. The peak exothermic temperatures are 465.4°C and 467.1°C respectively. Both are stable after standing for 72 h at 10°C and 60°C. No precipitation occurs after centrifugation at 4,000 rpm for 5 min.
2.2 Experimental equipment
Wet winding machine, Jiangsu Yingyou Spinning Machinery Co., Ltd.; Hot press tank, Shandong Zhonghang Taida Composite Materials Co., Ltd. R2021-0011; Tensile testing machine, Shimadzu Corporation AG-XPLUS; Precision milling machine, Qiaoke CNC Machinery Equipment Co., Ltd. QK6090-1; Hot air circulation drying oven, Suzhou Deripu Oven Manufacturing Co., Ltd. DRP-8803; Vernier caliper, Sata Tools (Shanghai) Co., Ltd. SATA 91511.
2.3 Contents of the experiment
2.3.1 Preparation of carbon fiber reinforced polymer
Adjacent positions on the Zhongfu Shenying SYT55-12K production line were utilized to collect 12K continuous carbon fiber tows treated with sizing agents EP and VE (control the content of sizing agent at 1% ± 0.3% (Ouyang et al., 2016; Xinfeng et al., 2018)), denoted as EP-CCF and VE-CCF respectively, as well as unsized carbon fiber tows denoted as US-CCF. The wet winding machine was employed to prepare samples of US-CCF, EP-CCF, and VE-CCF into wet prepregs. The resin used was WP-S5100 from Huibao New Material Technology (Shanghai) Co., Ltd., with a resin content of 40% and a surface density of 200 g/m2. Carbon fiber composite laminates were then fabricated using a hot press tank. The hot press tank process involved vacuuming at room temperature to achieve a vacuum pressure of −0.090 to −0.098 MPa inside the vacuum bag. Pressure was then gradually increased at a rate of 0.02 MPa/min until reaching 0.6 MPa. Subsequently, the temperature was raised at a rate of 1.5 C/min to 70°C and maintained for 70 min, followed by a further temperature increase at the same rate to 130°C and maintained for 130 min. Finally, pressure was gradually reduced at a rate of 1.5 C/min, and the temperature was lowered to below 60°C before depressurizing the tank. The laminates were then machined to the required dimensions using a precision milling machine, and the desired test specimens were obtained. The key steps of the experimental process are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Illustration of key steps in the experimental content.
2.4 Characterization method
2.4.1 Test methods for surface properties of carbon fiber
The surface morphology of carbon fibers and the fracture surface of composite materials under compression were observed using a Field Emission Scanning Electron Microscope (Hitachi REGULUS series SU8100). The surface elemental composition of carbon fibers was analyzed using an X-ray Photoelectron Spectrometer (Shimadzu/Kratos, AXIS SUPRA model). The radiation source was Al K alpha, and the spot size was 500 µm. The atomic percentage was calculated using the formula n1/n2 = (S1/L1)/(S2/L2) by fitting the area ratio, where n represents the number of atoms, S represents the integrated area, and L represents the sensitivity factor (obtained from a database). The three-dimensional morphology distribution of carbon fiber surfaces was characterized using a Bruker Dimension ICON Atomic Force Microscope operating in tapping mode with a scan size of 2 µm and a scan rate of 1 Hz. The contact angle was measured using a Swedish Biolin Scientific Attension Theta Flex optical contact angle meter, with a measurement range of 0°–180°. The testing was conducted using the sessile drop method, and the test liquid used is the specialized epoxy resin EW-800-1S, produced by Beijing Yihuachengda Technology Co., Ltd.
2.4.2 Test methods for carbon fiber
The density is determined according to GB/T 30019-2013. Filament tensile strength, Young’s modulus, and elongation at break were determined according to GB/T3362-2005 (the number of samples is 6). The interlaminar shear strength of carbon fiber was measured following the method outlined in GB/T 1450.1-2005 (wrapping plate method, the number of samples is 5). The tensile strength of individual carbon fiber filaments was determined in accordance with GB/T31290-2014 (the number of samples is 60). The sizing content was measured using the Soxhlet extraction method outlined in Method A of GB/T 29761-2013 (the number of samples is 3). All testing procedures were conducted at a temperature of 25°C ± 1°C and an ambient humidity of <40%.
2.4.3 Test methods for carbon fiber reinforced polymer
The 0° tensile strength and 0° tensile modulus were determined according to ASTM D3039/D3039M-2014, which is the standard test method for tensile properties of polymer matrix composite materials. The 0° compressive strength and 0° compressive modulus were measured in accordance with ASTM D6641/D6641M-16ε2, using the combined loading compression (CLC) fixture, which is the standard test method for determining compressive properties of polymer matrix composite materials. Compression After Impact (CAI) was assessed by combining ASTM 7136/D7136M-20, which is the standard test method for measuring the damage resistance of fiber-reinforced polymer matrix composites to drop-weight impact events, and ASTM D7137/D7137M-17, which is the standard test method for compressive residual strength properties of damaged polymer matrix composite plates. A semi-spherical steel impactor with a diameter of ϕ16 mm was used, and the impact energy was adjusted to 6.7 J/mm. The dimensions of the specimen were 150 mm × 100 mm × 4.5 mm. The impact energy was calculated as 4.5 mm × 6.7 J/mm = 30.15 J. Open hole tensile strength (OHT) was evaluated following ASTM D5766/D5766M-2011, which is the standard test method for tensile strength of polymer matrix composite laminates with open holes. The specimen size for open hole tension testing was 300 mm × 36 mm × 3 × ϕ6 mm. Open hole compressive strength (OHC) was assessed according to D6484/D6484M–2014, which is the standard test method for compressive strength of polymer matrix composite laminates with open holes. Interlaminar shear strength (ILSS) was measured following ASTM D2344/D2344M-2016, which is the standard test method for short-beam shear strength of polymer matrix composite materials and their laminates. The environmental conditions for ILSS testing were as follows: a) Room Temperature Dry (RTD) testing: specimens were conditioned in an environment with a temperature of 23°C ± 3°C and a relative humidity of 50% ± 10% for at least 24 h; b) Elevated Temperature Dry 1 (ETD1) testing: the test temperature was 82°C, and the specimens should reach the test temperature within 5 min of installation and be tested 2–3 min after reaching the test temperature; c) Elevated Temperature Dry 2 (ETD2) testing: the test temperature was 120°C, and the specimens should reach the test temperature within 5 min of installation and be tested 2–3 min after reaching the test temperature. The number of samples tested for the composite materials is five valid specimens.
3 RESULTS AND DISCUSSION
3.1 The impact of sizing agent on the surface performance of carbon fiber
3.1.1 XPS
The samples were subjected to XPS testing, and the full spectrum is shown in Figure 2 (left). Peak fitting was performed in the range of 950–50 eV to obtain the peak area of each atom and calculate the atomic composition. At 285 eV, the C1s peak is observed for carbon, the O1s peak is observed at 533 eV for oxygen, the N1s peak is observed at 400 eV for nitrogen, and the Si2s and Si2p peaks are observed at 102 eV and 152 eV, respectively, for silicon. The surface atomic composition percentages of the samples are listed in Table 1. For the untreated US-CCF sample, the carbon atomic composition reaches 92.40%, and the oxygen atomic composition is 4.40%. In the EP-CCF and VE-CCF samples, the carbon atomic composition is 81.93% and 77.06%, respectively, while the oxygen atomic composition is 17.35% and 22.50%, respectively. It can be observed that the carbon atomic composition on the carbon fiber surface significantly decreases after the application of sizing agents, while the oxygen content significantly increases. This is because the sizing agents contribute to the oxygen content with epoxy, ether, and ester groups, significantly altering the atomic composition and functional groups on the carbon fiber surface.
[image: Figure 2]FIGURE 2 | XPS full spectrum (left) and C1s fitting diagram (right) of carbon fiber samples.
TABLE 1 | Distribution of major atomic contents on the surface of carbon fiber samples.
[image: Table 1]The sample US-CCF represents the surface state of carbon fiber after surface treatment. Due to the water washing process, the number of active functional groups is limited, mainly composed of the C element from the carbon fiber matrix. The C atom ratio accounts for 92.4%. The O atoms on the surface of carbon fiber originate from the reaction between Si in the precursor oil agent and O in the air during the process to produce silicon oxide compounds, hydroxyl or carboxyl groups formed by electrochemical surface treatment, and O-containing functional groups in the sizing agent after sizing. The Si atoms come from the precursor oil agent, which continuously decomposes and sheds after the pre-oxidation and carbonization processes, but there is still Si residue in the skin layer on the surface of carbon fiber. The N atoms come from the residual N element in the precursor, amide groups formed in the NH4HCO3 electrolyte during electrochemical surface treatment (Prabhakar and Waas, 2013), and nitrogen-silicon compounds generated by the reaction between Si in the oil agent and the protective nitrogen gas during the low- and high-temperature carbonization stages. After the sizing process, the original surface of carbon fiber is coated with carbon fiber sizing agent, resulting in a significant reduction in the detected content of Si and N elements compared to the US-CCF sample. The Si content of EP-CCF and VE-CCF is 0.19% and 0.02%, respectively, while the N content is 0.53% and 0.42%, respectively.
Further analysis was conducted on the C1s spectrum of the samples through peak fitting, as shown in Figure 2 (right). The possible forms of carbon atoms include C-C/C-H, C-O, HCO3-, COO-, and the π→π* transition peak of the benzene ring. The calculation results are presented in Table 2. After sizing, the proportion of active carbon atoms on the carbon fiber surface increased from 27.27% in the unsized sample to 38.55% and 47.53%, respectively, representing an increase of 11.28 and 20.26 percentage points. It is noted that the sizing agent VE outperforms EP in enhancing the surface activity of carbon fibers. A schematic diagram showing the main functional groups on the surface of carbon fibers based on the type of sizing agent is presented in Figure 3.
TABLE 2 | The calculation results of the active carbon atom proportion obtained by fitting the C1S spectra of carbon fiber samples.
[image: Table 2][image: Figure 3]FIGURE 3 | The main types of sizing agents used on the surface of carbon fibers. Schematic diagram of the distribution of active functional groups on different carbon fiber samples.
3.1.2 Study on the interfacial wettability of carbon fiber
The contact angle test results for the carbon fiber samples are shown in Figure 4. The contact angles of the samples are all less than 90°, with the contact angle of the unsized sample US-CCF being 47.35°, and those of the sized samples EP-CCF and VE-CCF being 43.82° and 44.60°, respectively. The sizing agent increases the number of active functional groups on the surface of carbon fibers, thereby improving the wettability of the carbon fiber surface. The wettability of EP-CCF after sizing with EP is slightly better than that of VE-CCF after sizing with VE, and far superior to that of unsized US-CCF.
[image: Figure 4]FIGURE 4 | Contact angle test results of carbon fiber surface.
3.1.3 SEM
Figure 5 presents the results of high-magnification scanning electron microscope (SEM) observations of the carbon fiber samples. Figures 5A, C, E show the observation results of the corresponding samples at 5,000 times magnification, while Figures 5B, D, F show the observation results of the corresponding areas at 30,000 times magnification. Observing Figure 5A, the diameter of the carbon fibers in the US-CCF sample is approximately 5 μm, with a relatively smooth surface and no obvious deep grooves. Clear friction marks from the friction between the carbon fibers and the metal roller can be observed. From the 30,000 times magnification image in Figure 5B, a clear and uniform pattern is visible on the surface of the US-CCF, with fine lines distributed evenly, representing the original and real surface morphology of the carbon fibers. From Figures 5B–F, it can be seen that the surfaces of EP-CCF and VE-CCF after sizing exhibit a noticeable layer of sizing agent. The friction marks from the friction with the metal roller are significantly reduced, and there are larger sizing agent particles distributed on the surface. In the 30,000 times magnification image, it is evident that the particles on the surface of VE-CCF are slightly larger than those on EP-CCF, and the fine lines on the fiber surface after sizing agent coating are not visible.
[image: Figure 5]FIGURE 5 | High-resolution SEM images of carbon fiber samples. (A,C,E) are SEM images under X5K magnification; (B,D,F) are SEM images under X30K magnification.
3.1.4 AFM
The root mean square (Rq) values of the roughness profiles along the vertical axis measured by atomic force microscopy for US-CCF, EP-CCF, and VE-CCF are 15.7 nm, 22.9 nm, and 43.1 nm, respectively. As seen in Figure 6, without sizing agent coating, US-CCF exhibits nano-scale, uniformly distributed groove morphology (Li and Xian, 2019a; Li and Xian, 2019b), with no significant protrusions of sizing agent particles, and a roughness Rq of 15.7 nm. After sizing agent coating, the nano-scale groove morphology disappears from the surfaces of EP-CCF and VE-CCF, replaced by prominent protrusions of sizing agent particles, along with the presence of large particle aggregates. The morphology of particles on sample VE-CCF appears larger and more pronounced than that on EP-CCF, suggesting slight aggregation of the multi-component sizing agent VE during mixing drying processes.
[image: Figure 6]FIGURE 6 | AFM Morphology of Carbon Fiber Surface. (A,C,E) are 2D AFM images; (B,D,F) are 3D AFM images.
3.2 The interface’s impact on the performance of carbon fiber composites
3.2.1 Mechanical properties of single fiber
The cross-sectional area for calculating the single-fiber strength is determined from the actual measurement of 5 μm in electron microscope photos. The number of samples is 60. The test results of single-fiber strength, along with the curve fitted to the statistical distribution of tensile force (gram-force value) for the samples, are shown in Figure 6.
Single-fiber strength is significantly influenced by sample preparation, fixtures, and human factors, resulting in strengths lower than those of multifilament yarns. The tensile strength of carbon fiber multifilaments strictly tests the tensile strength of the carbon fiber composite material, while the tensile strength of a monofilament directly measures the tensile strength of a single carbon fiber. The quality stability of the fiber itself can be revealed through the distribution function of monofilament strength. Carbon fibers without sizing agents exhibit slightly higher single-fiber strength compared to those treated with sizing agents. However, the tensile strength of unsized carbon fibers is notably lower, primarily due to the absence of considerations for the axial consistency between filaments within the multifilament yarns. Moreover, single fibers are inherently brittle, and the sizing agent layer becomes the initial fracture point under stress, acting as a source of failure. Consequently, carbon fibers with sizing agents may exhibit slightly lower single-fiber strength. Additionally, the microstructural and interfacial states of the sizing agent layer directly influence the mechanical properties of single fibers, making them more sensitive to various influencing factors. The experimental results suggest that the sizing agent layer does not positively contribute to the mechanical properties of single fibers (Wang et al., 2016) and may even induce fracture during tensile testing.
3.2.2 Mechanical properties of multifilament
The results of multifilament yarn properties for carbon fiber samples are summarized in Table 3. The multifilament tensile strength of US-CCF is 5,596 MPa, while that of EP-CCF and VE-CCF is 6,124 MPa and 6,156 MPa, respectively. The loss of tensile strength in unsized multifilament is approximately 500 MPa, highlighting the crucial role of sizing agents in imparting strength. This indicates that sizing agents contribute positively and deterministically to ensuring filament consistency. Samples prepared without sizing agent coating exhibit further deterioration in filament-to-filament consistency, weakening their ability to contribute collectively to strength during tensile loading, resulting in lower multifilament tensile strength. The moduli of the carbon fiber samples are generally at the same level, with no effect from the presence or absence of sizing agents. Based on the results of interlaminar shear strength measured by GB/T method, the interlaminar shear strength of unsized carbon fibers is 108 MPa. After sizing, the interlaminar shear strength significantly increases, with VE-CCF and EP-CCF showing improvements of 9.3% and 20.0%, respectively, compared to US-CCF. This improvement is mainly attributed to the increased number of active functional groups and chemical bonding sites in the sizing agents, leading to enhanced van der Waals forces, thereby increasing the interlaminar shear strength.
TABLE 3 | The test results of carbon fiber properties.
[image: Table 3]The comparison of multifilament tensile strength,single-fiber tensile strength, and composite tensile strength is shown in Figure 7D and Table 4. The poor filament consistency of unsized bundles results in approximately 10% loss in multifilament tensile strength and approximately 8% loss in composite tensile strength. Comparison reveals that the tensile strength of carbon fiber composites and single fibers is approximately 43% and 75% of the multifilament tensile strength, respectively.
[image: Figure 7]FIGURE 7 | (A–C) Carbon fiber sample filament strength distribution and fitting chart; (D) Comparison of the strength of carbon fiber samples in multifilament, single fibers, and their composite materials.
3.2.3 Mechanical properties of carbon fiber composite materials
The results of interlaminar shear strength under various conditions are presented in Table 5. According to the GB/T method, the interlaminar shear strength of carbon fibers is approximately 108 MPa, 118 MPa, and 130 MPa, respectively. The interlaminar shear strength measured by ASTM methods in the three states is lower than that measured by the GB/T method, which is attributed to differences in testing standards, but the overall trend is consistent. The difference in sample preparation methods leads to significant variations in the two test results. The test specimens for the RTD-ASTM method are prepared by using an autoclave to fabricate carbon fiber composite plates, which are then cut into the required dimensions for testing using a carving machine. The RTD-GB/T method, on the other hand, involves manually wrapping carbon fibers onto the sample plate, applying resin, and then using a standard-sized mold to heat and press the material into the required dimensions for testing. It is speculated that the main reason for this is the poorer consistency of fibers and the tendency to produce fuzz fibers during the manual wrapping process of the RTD-GB/T method. These fuzz fibers form an interpenetrating network in three-dimensional space, which acts as reinforcement, resulting in higher interlaminar shear strength. Generally, under the premise of matching sizing agents with resins, increasing the proportion of active C atoms on the carbon fiber surface through sizing agents is beneficial for enhancing interlaminar shear performance. Comparing the interlaminar shear strength at room temperature, 80°C, and 120°C, the interlaminar shear performance of composite materials linearly decreases with increasing processing temperature. At 120°C, the interlaminar shear strength of samples US-CCF, EP-CCF, and VE-CCF is only 41.0%, 42.8%, and 47.2% of that at room temperature, respectively. With the increase in the proportion of active C atoms on the carbon fiber surface, the interlaminar shear performance improves under all conditions. Overall, the sizing agent VE demonstrates a more significant improvement in interlaminar shear performance compared to the EP sizing agent. The addition of ethylene ester epoxy components increases the proportion of active C atoms on the carbon fiber surface, thereby enhancing the interfacial bonding performance of the composite material.
TABLE 4 | Interlaminar shear strength results under various conditions.
[image: Table 4]TABLE 5 | Test results of carbon fiber composite material properties.
[image: Table 5]From Figures 8, 9, it is observed that under the condition of sizing agent matching on carbon fibers, the interface has no significant impact on the 0° tensile performance of carbon fiber composite materials; however, a clear influence is observed on the open-hole tensile strength. The trend of open-hole tensile strength aligns with that of interlaminar shear strength. This alignment is due to the fact that after the formation of open-hole defects in the composite, the fibers exist in a discontinuous state. Initially, the load transmission is primarily fiber-dominated, but as it transitions from a non-open-hole to an open-hole state, it shifts to a state jointly dominated by both the fibers and the interface. In this state, the interface plays a crucial role in load transmission.
[image: Figure 8]FIGURE 8 | Relationship between the proportion of surface-active carbon atoms in carbon fiber and interlaminar shear strength.
[image: Figure 9]FIGURE 9 | Main performance data of carbon fiber composite materials.
Further investigation through Figure 10 reveals the relationship between compression performance and interlaminar shear strength. It is found that the 0° compression strength and open-hole compression strength of untreated US-CCF are notably low. The 0° compression strength and open-hole compression strength of EP-CCF and VE-CCF are respectively higher than those of US-CCF by 11.8% and 13.6%, and 7.7% and 14.6%. The difference between EP-CCF and VE-CCF samples is small, indicating that the influence of the type of sizing agent on the 0° compression strength and open-hole compression strength is relatively minor compared to the presence or absence of sizing agents. Considering the difference between EP-CCF and VE-CCF, it is observed that the sizing agent used for VE-CCF contains additional components of vinyl ester epoxy resin compared to that used for EP-CCF. This results in a significant increase in the quantity of active carbon atoms on the carbon fiber surface. Overall, the performance of composite materials with VE-CCF samples is either superior to or comparable to that of EP-CCF samples, indicating that the addition of vinyl ester epoxy resin sizing agent components contributes to improving the interface performance of sizing agents determined by carbon fiber and ultimately enhances the performance of composite materials. Although there is an improvement in compression after impact, it remains at the same level, suggesting that the impact of improving the composite material interface brought by the sizing agent on the compression after impact of the composite material is limited, or even negligible.
[image: Figure 10]FIGURE 10 | Relationship between ILSS and various compression strengths.
In summary, it is observed that regulating the sizing agent to enhance the quantity of active functional groups and the proportion of active carbon atoms on the surface of carbon fibers significantly improves the interlaminar shear performance of carbon fibers. Under the premise of matching the sizing agent with the matrix resin, this improvement in interface bonding performance positively enhances the open-hole compression performance, but has an insignificant effect on increasing the 0° compression strength of carbon fiber composites. Additionally, there is no apparent relationship between interface performance and improving compression strength after impact. Compared to differences in sizing agents, the presence or absence of sizing agents has a greater impact on the compression performance of carbon fibers.
3.3 Compression fracture morphology of carbon fiber composite materials
Through high-magnification scanning electron microscope, observations were made on composite compression failure samples from three dimensions: fiber-resin delamination state, fracture surface state, and post-failure fiber distribution state, as shown in Figures 11, 12. From the perspective of fiber-resin delamination state, it is evident that the fiber pits left after delamination of US-CCF are clear and relatively smooth, with few tooth-like marks left by interface detachment, indicating poor interface bonding between carbon fibers and resin due to the limited active functional groups on the carbon fiber surface in the absence of sizing agent layers. In contrast, EP-CCF and VE-CCF show clear resin tear marks left by strong interface separation. From the fracture surface images, it is observed that the interface bonding state between fibers and resin is excellent in samples with sizing agents, while in the case of US-CCF without sizing agents, gaps between fibers and resin are visible, along with holes where fibers are completely pulled out and interlayer splitting, indicating a poorer interface bonding state between fibers and resin.
[image: Figure 11]FIGURE 11 | High-resolution SEM images of composite material compression section.
[image: Figure 12]FIGURE 12 | SEM images of composite material compression failure and schematic of kinked-band (Talreja and Waas, 2022) Fracture. SEM images of composite material compression failure and schematic of kinked-band (Li and Xian, 2019a) fracture.
Further observation of the fiber fracture morphology in the compression-failed samples revealed that the fracture morphology of the US-CCF sample exhibited interlayer failure triggering fiber fracture, with clear longitudinal delamination and significant fiber fragmentation after bending. The EP-CCF sample also exhibited fiber fragmentation after bending, but with less apparent delamination. In the case of VE-CCF, fibers exhibited a Kinked-Band formation due to resin bending-induced fiber buckling after shear stress concentration (Rosen, 1965; Sun and Chen, 1989; Sun and June, 1994). It also further demonstrates that the excellent interface performance formed by matching sizing agents is a prerequisite for the formation of kinked-Band failure during compression. The superior interface performance can prevent shear failure, interlayer failure, or interface failure in composite materials when subjected to compressive loading. Through research, it has been found that good interfacial bonding is a prerequisite for carbon fiber composites to maintain their compression performance. Only when the interface is well bonded, can the good interfacial bonding prevent debonding or slippage between fibers and resins when the composite material is subjected to compressive loads. This prevents interfacial delamination that would lead to compression instability and failure. For unsized US-CCF, its compression strength is relatively low, and obvious interfacial delamination can be observed in the SEM images of compression failure. However, after sizing with VE-CCF and other sizing agents, the interfacial properties are improved and enhanced. When carbon fiber composites are subjected to compressive loads, they do not fail due to interfacial delamination first. Instead, under the premise of good interfacial performance, the fibers undergo microbuckling, and the compression failure of the composite material is caused by the resin destruction in the form of kinked band failure.
4 CONCLUSION
Sizing agents have a significant effect on regulating the surface properties of carbon fibers. The sizing agents EP and VE can increase the O atom content on the carbon fiber surface by 13.0% and 18.1% respectively, and the active C atom ratio by 11.3% and 20.3%. VE achieves more excellent surface properties compared with EP. After sizing, the interlaminar shear strength (GB/T) of EP-CCF and VE-CCF increased by 9.3% and 20.0% compared with US-CCF, respectively, indicating that the chemical bonding of active functional groups has a significant effect on improving the interlaminar shear strength. The sizing agent itself does not contribute to the tensile strength, but it affects the tensile strength of carbon fibers and their composites by determining the consistency and collective force of the tow. Under the premise of matching the sizing agent with the matrix resin, the open-hole tensile and compressive properties are positively improved by improving the interfacial bonding performance. Specifically, the open-hole tensile strength and open-hole compressive strength of EP-CCF and VE-CCF increased by 4.1% and 9.5%, 7.7% and 14.6% compared with US-CCF, respectively. However, the effect on improving the 0° compressive strength and post-impact compressive strength of carbon fiber composites is not significant. Compared with the difference in the type of sizing agent, the presence or absence of the sizing agent has a greater impact on the compression performance of carbon fibers and their composites.
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