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Abstract

:

The interfacial designing of carbon fiber (CF)/epoxy composites, as a well-accepted method used to obtain high-performance composites, has gained extensive attention. However, an improvement in interfacial adhesion is usually accompanied by a simultaneous decrease in toughness, which has become an obstacle to the performance enhancement of CF/epoxy composites. Herein, nanosized UiO-66-NH2 was proposed to yield on the CF surface through an in situ growth method for preparing high-performance CF/epoxy composites. The induced UiO-66-NH2 could significantly enhance the active groups, surface roughness and wettability on the fiber surface, which can be confirmed by XPS, FTIR, dynamic contact angle (DCA) and SEM. Moreover, the porous structure of UiO-66-NH2 enables the epoxy resin to pass through it, which could toughen the matrix by forming an interpenetrating network structure and reducing the density of resin crosslinking. Meanwhile, the size effect of UiO-66-NH2 could hinder the crack propagation and release the stress concentration. Benefiting from these interfacial strengthening and toughening effects, the interlaminar shear strength and impact strength increased by 44.2% and 27.6%, respectively, in comparison to those of untreated CF. This work proposes a simple and effective strategy for interfacial designing that could offer new ideas for solving the conflict between the strengthening and toughening and provide a practical basis for preparing high-performance resin matrix composites.
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1. Introduction


In view of their extraordinary properties, such as the high specific strength and modulus, thermal stability and corrosion resistance, carbon fiber (CF)-reinforced composites have made a considerable impact on many fields [1,2]. However, on account of the high graphitization degree of chemically inert graphite microcrystalline in the CF cortex, the poor activity of the CF leads to a weak reinforced efficiency, which directly affects the interface bonding between the CF and resin matrix [3]. Therefore, some strategies for the surface modification of CFs need to be adopted to improve the compatibility between the fiber and the matrix so as to obtain high-performance CF epoxy composites [4,5].



In recent years, grafting nanotubes, nanowires and other nanomaterials onto the CF surface has been an effective strategy devoted to strengthening the carbon fiber composites, which can realize the multi-scale enhancement of composite materials [6,7,8]. However, due to the randomness of the group reaction, the grafting effect of nanoparticles is difficult to control [9,10]. Meanwhile, Wang et al. [11] pointed out that, when the grafting density is too high, the narrow gap among the nanoparticles would inhibit the flow of the resin matrix on the CF surface. Moreover, the excessive bonding at the interface would cause the interfacial bonding strength to be too strong and the resin cross-linking density to increase, resulting in a decrease in the toughness of the composite [12,13]. Therefore, an effective strategy for synergistically enhancing the strength and toughness is still demanded in the interfacial modification and practical application of CF composites.



Metal–organic frameworks (MOFs) with a high designability have shown potential application value in catalysis, gas adsorption and sensors [14,15,16,17]. Recently, MOFs have been reported to regulate the performance of epoxy composites on account of their large specific surface area, controllable pore size and abundant active groups [18,19]. Jian et al. [20] prepared zinc borate@ZIF-8 core–shell nanorods, which exhibited a 20% improvement in the tensile strength of the composites. Ma et al. [21] grew Sn-MOF on PANI nanorods, and this novel nanoarchitecture significantly improved the fire safety and mechanical property of epoxy resin. Among these MOF materials, UiO66-NH2, which is the representative Zr-based MOF, presented more distinguished mechanical properties and a greater structural stability than other MOFs due to the high coordination number of its structure [22,23]. Ramezanzadeh et al. [24] covalently attached GMA onto UiO66-NH2 nanoparticles, and the thermal stability improved by 80% when the content of GMA-UiO-66 was 0.2 wt.% in epoxy resin. The nanoparticles also showed a good tensile performance, manifesting that the GMA-UiO-66 could toughen the resin effectively. Therefore, it is worth considering that employing UiO66-NH2 to modify the CF surface could be an effective strategy for reinforcing the interfacial properties. On the one hand, introducing UiO66-NH2 into the interface can significantly increase the roughness and polarity of the surface of carbon fiber, resulting in good mechanical interlocking and infiltration between the CF and resin, thus promoting the improvement in the interface properties and the overall properties of the material. Meanwhile, the activity groups in its structure can provide more reaction sites and form a large number of chemical and hydrogen bonds with the resin matrix, which participate in the curing process of the resin matrix and play a strengthening role [25,26]. On the other hand, Hu et al. proved that the porous structure of UiO66-NH2 enables the epoxy resin to pass through it, which could toughen the matrix by forming an interpenetrating network structure and reducing the density of resin crosslinking [27]. In accordance with the above two aspects, the exploration of the regulation and strengthening mechanism of such interfacial reinforcement materials would be conducive to preparing the high-performance CF/epoxy composites and expanding the application of MOFs in the field of CF composite materials, which is of great practical significance [28,29].



In this paper, UiO66-NH2 nanoparticles as the interphase were constructed on the CF surface using the solvothermal method in order to achieve a synergistic enhancement in the strength and toughness of carbon fiber composites. To investigate the effects of MOF growth on the performance of the composites, the chemical composition, wettability and interfacial properties, combined with the mechanical properties of the modified CFs and their composites, were deeply explored to clarify its strengthening and toughening mechanism. In general, this study provides a promising strategy for fabricating advanced CF/epoxy composites for their application in the transportation and aerospace industries.




2. Materials and Methods


2.1. Materials


Carbon fibers (3K, diameter 7 μm, linear density 198 mg·m−1) were purchased from Zhongfu Shenying Carbon Fiber Co., Ltd. (Lianyungang, China). Zirconium chloride (ZrCl4) and 2-aminoterephthalic acid (C8H7NO4) were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). N,N-dimethylformamide (DMF), and glacial acetic acid (CH3COOH) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Curing agent (H-256, 3,3-diethyl 4,4-diaminodiphenylmethane) was obtained from Hubei Jusheng Technology Co., Ltd. (Tianmen, China). Epoxy resin (E-51) was received from Wuxi resin factory (Wuxi, China).




2.2. Fabrication of MOF/CF


The CFs were refluxed with acetone in a Soxhlet extractor for 48 h to remove the sizing agent and impurities on the fiber surface. The resulting fibers were denoted as CF-COOH since the fibers were acidized in the production process.



The MOF/CF was prepared as follows. Firstly, zirconium chloride (ZrCl4) (1 mmol) was dissolved in 40 mL DMF. Then, 2-aminoterephthalic acid (1 mmol) was added and stirred for 1 h. Subsequently, various volume of acetic acid (5, 7, 9, 11 mL) were added. Finally, appropriate amount of CF-COOH was immersed into the above solution and transferred together into the autoclave reacting for 24 h at 80 °C. After cooling to room temperature, the modified CFs were taken out and washed repeatedly with DMF. After drying at 80 °C overnight, the obtained fibers were denoted as MOF/CF-5, MOF/CF-7, MOF/CF-9 and MOF/CF-11, respectively, according to the different volume of acetic acid. The manufacturing process of MOF/CF multi-scale reinforcement is shown in Figure 1.




2.3. Preparation of MOF/CF Epoxy Composites


MOF/CF-reinforced epoxy composites were prepared by hot-molding method. First, the epoxy resin and curing agent were mixed with a mass ratio of 25:8. Then, the modified fibers were fully infiltrated with epoxy resin system, and the resin content of composites was controlled at 35 ± 1.5%. After preheating the mold at 90 °C, the infiltrated CFs were placed. The mold was first heated to 90 °C and cured at 5 MPa for 2 h. The second stage was heated to 120 °C and cured at 10 MPa for 2 h, which was followed by heating to 150 °C and maintaining for 3 h.




2.4. Characterization


The functional groups and chemical bonds of CFs were analyzed by Fourier transform infrared spectroscopy (FTIR, VECTOR-22, Bruker, Billerica, MA, USA) of Bruker Company. The surface elements of UiO66-NH2/CF were investigated by X-ray electron spectroscopy (XPS) of VG (Manchester, UK) in the United Kingdom. Scanning electron microscopy (SEM, FEI Verios 460 and TESCAN VEGA3, Lausanne, Switzerland) was employed to inspect the surface morphologies and fracture surface of the CFs and composites. To prepare the SEM sample, the CFs and the composites were fixed on the copper sheet with conductive tape, and then 60~120 s gold spray treatment was carried out.



The wettability of CFs was estimated by a dynamic contact angle meter and tensiometer (DCAT21, Data Physics Instruments, Stuttgart, Germany). According to the following equation, the surface energy dispersion component and polar component of CFs can be calculated:


   γ l    1 + c o s θ   = 2   (  γ l p   γ f p  )    1 2    + 2   (  γ l d   γ f d  )    1 2     



(1)






   γ f  =  γ f p  +  γ f d   



(2)




where    γ l   l,    γ l d    and    γ l p    are the surface energy of liquid and its dispersion and polar component, respectively.



Interlaminar shear strength (ILSS) is the strength limit under interlaminar shear loading and is used to evaluate the interlaminar properties of composites. According to ASTM D2344 standard [30], the ILSS of MOF/CF composites was determined on an electronic universal testing machine with the three-point test method. The sample dimensions were 25 mm × 6 mm × 2 mm, the cross-head speed was 1 mm/min and the values of ILSS were calculated according to the following equation, which was averaged from 6 valid results of each sample:


  ILSS =   3 F   4 b h    



(3)




where F was the maximum load (N) and b and h were the width (mm) and height (mm) of the sample, respectively.



According to ASTM D7136 [31], the impact toughness of composites was performed on a drop-weight impact testing machine (9250HV) with an impact velocity of 2 m/s. The sample dimensions were 55 mm × 6 mm × 2 mm and the final result of each sample was averaged from 6 valid results.





3. Results


3.1. Surface Chemical Composition Analysis of MOF/CF


Figure 2 shows the FTIR spectrum of CF-COOH, MOF/CF-5~11. For CF-COOH, the stretching vibration peaks of -OH and -C=O in -COOH lied in 3440 and 1630 cm−1 respectively can be observed. After growing UiO66-NH2, all MOF/CF samples still exhibit strong -C=O peak at 1630 cm−1. This may be due to the increased amount of carboxyl on the fiber surface arising from the 2-aminoterephthalic acid in UiO66-NH2; thus, a high intensity peak of C=O could be detected even though the modified CF surface was covered by the MOFs. In addition, some peaks differing from the features of CF-COOH obviously appeared. These peaks could be attributed to the induced MOF coating covering the CF-COOH surface. For example, it can be seen from the MOF/CF-5~11 spectrum that a wide peak appears at 3600–3100 cm−1, which was generated by the combination of -OH and -NH2 stretching vibrations, so the peak was significantly wider and the intensity of the peak increased compared to the spectrum of CF-COOH. The peak located at 1230 cm−1 can be ascribed to the stretching vibration of the C-N bond in UiO66-NH2. The peak at 570 cm−1 belonged to the Zr-(OC) asymmetric stretching vibration, implying the growth of UiO66-NH2 on the fiber surface. The above results confirmed that ZrCl4 successfully coordinated with 2-aminoterephthalic acid to form UiO66-NH2 on the surface of carbon fiber.



XPS was performed to further analyze the chemical composition of the fiber surface, and the corresponding results are summarized in Figure 3. For CF-COOH, the C1s and O1s can be observed at 284.6 and 532.1 eV, respectively (Figure 3a). After peak fitting, the C1s (Figure 3b) presented three binding energy peaks. The main peak at 284.5 eV can be assigned to the C-C bond in the CF structure. The peaks at 286.3 and 288.5 eV represent the C-O bond and the -COOH group resulting from the manufacturing process of CFs. Figure 3c–f show the wide-scan spectrum of the XPS of MOF/CF-9 and the peak-fitting curves. The functionalized CFs presented two extra peaks of N1s and Zr3d in Figure 3c, suggesting the growth of UiO66-NH2 on the fiber surface. Meanwhile, the C1s peak-fitted curve (Figure 3d) showed a new peak at 285.1 eV, which can be ascribed to the C-N bond in the UiO66-NH2 structure. After further peak fitting the N1s and Zr3d, the curves showed that the nitrogen element mainly exists as C-N bond (398.4 eV) and -N-H bond (399.2 eV) on the fiber surface (Figure 3e), and Zr has characteristic peaks at binding energy of 184.9 and 182.6 eV (Figure 3f), respectively, which are consistent with the chemical environment of N and Zr in the UiO66-NH2 structure. Combined with the SEM and XPS test results, it can be proved that UiO66-NH2 nanoparticles were successfully grown on the CF surface.



Figure 4 shows the X-ray diffraction (XRD) patterns of CF-COOH, MOF/CF-5~11. For CF-COOH, a feature peak located at 2θ = 25° corresponds to the (002) crystal plane in the graphite structure. For MOF/CF-5~11, on this basis, two distinct characteristic peaks located at 2θ = 7.4° and 8.4° can be found, representing the (111) and (002) crystal face diffraction of UiO66-NH2, respectively. Therefore, the XRD pattern of MOF/CF-5~11 also indicates that the UiO66-NH2 crystals were successfully in situ grown onto the surface of CF.




3.2. Surface Topography of MOF/CF


The surface topography of MOF/CF reinforcements was investigated by SEM, as shown in Figure 5. The surface topography of CF-COOH in Figure 5a was smooth after cleaning and there was no sizing agent residue. After in situ growing MOF, there were obvious polyhedral nanoparticles on the surface of MOF/CF-5~11 (Figure 5b–e). When the amount of acid was 5 mL (Figure 5b), although UiO66-NH2 particles were generated on the fiber surface, there were not enough to cover the fiber surface. For the case of MOF/CF-7 (Figure 5c), an increased amount of MOF particles on the fiber surface can be observed, but the distribution is still uneven. When the amount of acetic acid was 9 mL (Figure 5d), the UiO66-NH2 nanoparticles wrapped tightly onto the fiber surface and the morphology and particle size were relatively uniform. With an increase in the acid content, the amount of MOF on fiber surface increased significantly, which also caused serious agglomeration at the same time, as shown in Figure 5e. The distribution of nanoparticles at the interface directly affects the overall performance of the composite. A good distribution can promote the formation of a strong interface. In contrast, an uneven distribution could reduce the adhesion ability between the reinforcement and the matrix and increase the risk of interface disbonding and cracking, which can further affect the overall performance of the material.




3.3. Wettability of MOF/CF


Figure 6 shows the effects of the surface modification UiO66-NH2 on the wettability of CFs. In Figure 6a, the contact angles of CF-COOH with water and diiodomethane are 67° and 42°, respectively. For MOF/CF, the contact angles between CF and two liquids decreased due to the increase in oxygen-containing functional groups (such as hydroxyl and amino groups) on the CF surface. When the amount of acetic acid was 9 mL, the contact angle of MOF/CF-9 was the lowest, which decreased to 40.5° and 32.4° in water and diiodomethane, respectively. The presence of MOF on the CF surface could enhance the surface roughness, which was conducive to the infiltration of water and diiodomethane, and the infiltration of fibers was more adequate. However, when acid was excessive, the agglomeration of MOF in an uneven distribution on the fiber surface was confirmed by SEM results, which could decrease the wettability and contact angle of the fibers.



The changes in the CF surface energy, as well as its dispersion component (γd) and polar component (γp), are summarized in Figure 6b. The surface energy of CF-COOH was relatively low at only 47.8 mN·m−1. After surface modification with MOF, the surface energy of all of the MOF/CF samples increased distinctly. This could be assigned to the enhanced amount of polar groups and the improvement in surface roughness after the incorporation of the UiO66-NH2 coating. For MOF/CF-9, the morphology and dispersion of UiO66-NH2 particles on the fiber surface were better than other samples, and the surface energy reached a maximum of 65.1 mN·m−1. In general, the higher the surface energy, the stronger the interfacial wettability between the reinforcement and the matrix, which was more conducive to forming a strong interface in the composites, thus improving the overall performance of the composite.




3.4. Interlaminar Shear Strength of MOF/CF Composites


The ILSS results of epoxy composites reinforced by CF-COOH and CF/MOF-5~11 are shown in Figure 7. For CF-COOH composites, the ILSS value was only 36 MPa. After the surface growth of UiO66-NH2, the ILSS values of MOF/CF composites increased by 26.7%, 36.1%, 44.2% and 23.3%, respectively, compared with CF-COOH. This might be because the UiO66-NH2 in the interfacial phase could significantly increase the surface roughness and polarity of the fibers, which greatly promoted the infiltration between the fibers and the matrix. Moreover, the -NH2 of UiO66-NH2 nanoparticles can not only generate a hydrogen bond with -COOH on CF, but can also participate in the curing process of the resin matrix and form a “bond bridge” between the fiber and resin. With the increase in acid content, the amount and dispersion of UiO66-NH2 on the fiber surface were significantly improved, so the interfacial bonding ability between the fiber and resin was gradually enhanced. Nevertheless, the ILSS of MOF/CF-11 exhibited a significant decline, which might be ascribed to the serious agglomeration of MOF particles and increase the risk of interfacial cracking.



The ILSS fracture morphologies of composites were further investigated, as presented in Figure 8. In the case of the CF-COOH composite (Figure 8a), markedly interfacial debonding can be observed, as well as no resin residue on the pulled-out fibers, indicating that the poor adhesion between the fiber and resin and the failure mode of the composite was mainly due to the interfacial adhesive failure. After UiO66-NH2 growth, the fracture morphology of MOF/CF-5 composites (Figure 8b) showed obvious residual resin on the CF surface and a shorter debonded fiber in comparison to CF-COOH, suggesting an improvement in the chemical and physical interaction between the CF and resin matrix. With an increase in the content of acetic acid, as shown in Figure 8c–e, the length of debonded fibers decreased and the resin remaining on the fiber surface gradually increased, implying the formation of a strengthening interphase. In particular, for MOF/CF-9 (Figure 8d), the fracture surface was more flat and the fibers were almost fully wrapped with the resin, which indicated that the UiO66-NH2 nanoparticles, as well as their morphology and dispersion state on the fiber surface, could considerably affect the interfacial adhesion between the fiber and resin. Meanwhile, the failure mode of the MOF/CF-reinforced composites was changed to a mix of interfacial adhesion failure and cohesive failure. Above all, the SEM images further provided evidence of the improved interfacial property of CF epoxy composites. It can be concluded that the flattest fracture surface is always accompanied by the strongest interfacial adhesion, thus leading to the highest ILSS value.




3.5. Impact Strength of MOF/CF Composites


The impact toughness of composites is presented in Figure 9. For CF-COOH composites, the impact strength was 64.9 kJ/m2 due to the poor interfacial adhesion. In general, the interfacial performance mainly affects the impact toughness of the composites. A weak interphase region could not effectively hinder the expansion of the crack, which resulted in the rapid propagation of the crack at the interface; thus, the composites would fracture under a relative low external load. After growing UiO66-NH2 on the CF surface, the impact resistance of the composites was enhanced, and MOF/CF-9 reached the highest impact strength, which was 27.6% higher than CF-COOH. Due to the introduction of a large number of polar amino groups, the infiltration between the fiber and resin was notably improved. Meanwhile, the size effect of MOF particles significantly improved the mechanical interlocking between the CF and resin, and the amino groups in MOF can participate in the curing process of resin. Therefore, the anchoring ability of the fiber to the resin matrix was improved, which helped to produce good interfacial bonding, improved the difficulty of interfacial cracking and increased the energy required during the cracking process [32].



In addition, UiO66-NH2 can also change the propagation direction of cracks by hindering the crack, inducing a continuous deflection of cracks and making the crack propagation path that is perpendicular to the axial direction of the fiber at first become complex. In this propagation process, the cracks were forced to split into more microcracks under the obstruction and induction of UiO66-NH2, and the initial energy dissipated so that the impact resistance of the composite improved [33].



To further confirm the above results, the fracture surface of the composites was inspected by SEM. In Figure 10a, significant debonding in the interphase can be observed, where the uneven surface remained. Moreover, the neat fracture surface of the resin also presented typical brittle fracture characteristics, indicating weak interfacial properties and a poor impact resistance. For MOF/CF-reinforced composites (Figure 10b–e), the fibers and resin were tightly bonded, suggesting an improved interfacial adhesion. In addition, for MOF/CF-9 in Figure 10d, the resin fracture surface was more rough in comparison to other samples and presented ductile fracture characteristics, suggesting that the matrix deformed greatly during the impact process. Due to the deflection and induction effect of UiO66-NH2 on cracks, a large number of microcracks gradually formed a wide range of network propagation paths in multiple directions. Under this propagation, the fibers broke with the resin to produce more debris [34]. Therefore, the rough matrix fracture surface might indicate a strong induction and dissipation ability of the crack at the interface. In general, this process of induction and dissipation could absorb more extra energy and force the composites to consume more applied load stress, further increasing the impact strength of the composites. Thus, the MOF/CF-9 exhibited the largest improvement in the impact strength.





4. Conclusions


In this paper, the multi-scale reinforcement MOF/CF was fabricated by in situ growing UiO66-NH2 on the surface of CFs to strengthen and toughen the epoxy composites. With the aid of acetic acid as a regulator, the UiO66-NH2 particles achieved a high-uniformity distribution on the CF surface. The surface energy of the MOF/CF reached 65.1 mN·m−1, which was improved by 36%. Meanwhile, the experimental results confirmed that UiO66-NH2 could promote the formation of good interfacial bonding between the CFs and resin matrix, and dissipate the applied stress at the interphase. Consequently, the interfacial and mechanical properties were notably enhanced. Compared with CF/EP, the ILSS and impact strength of the MOF/CF-reinforced composite were increased by 44.2% and 27.6%, respectively. Meanwhile, the impact fracture surface presented typical ductile fracture characteristics. Our study proved that this facile and effective process has great potential application in the manufacture of high-performance CF composites as the shell and structure parts. Moreover, this work promisingly indicates that the inherent characteristics of MOF could endow CFs with more applications, such as catalysts, capacitors and electromagnetic materials.
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Figure 1. Illustration of the manufacturing process of MOF/CF multi-scale reinforcement. 
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Figure 2. FTIR of MOF/CF at different acid concentrations. 
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Figure 3. XPS spectrum of carbon fiber surface elements and peak-fitting curves of C1s, N1s and Zr3d: (a,b) CF-COOH; (c–f) MOF/CF-9. 
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Figure 4. XRD patterns of MOF/CF at different acid concentrations. 
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Figure 5. SEM images of MOF/CF: (a) CF-COOH; (b) MOF/CF-5; (c) MOF/CF-7; (d) MOF/CF-9; (e) MOF/CF-11. 
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Figure 6. Contact angles and surface energy of MOF/CF (a) contact angle; (b) surface energy. 






Figure 6. Contact angles and surface energy of MOF/CF (a) contact angle; (b) surface energy.



[image: Coatings 13 00170 g006]







[image: Coatings 13 00170 g007 550] 





Figure 7. Interlayer shear strength of MOF/CF epoxy composites. 
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Figure 8. Fracture morphology of CF composites (a) CF; (b) MOF/CF-5; (c) MOF/CF-7; (d) MOF/CF-9; (e) MOF/CF-11. 
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Figure 9. Impact strength of MOF/CF epoxy composites. 
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Figure 10. Morphology of the impact fracture of composites: (a) CF-COOH; (b) MOF/CF-5; (c) MOF/CF-7; (d) MOF/CF-9; (e) MOF/CF-11. 
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