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Abstract

:

The surface modification of aramid fiber plain fabric (PPTA) was conducted through phthalic anhydride treatment and anhydrous aluminum chloride (AlCl3) catalysis, aiming to enhance the interfacial bonding strength between aramid fiber fabric and bisphenol A diglycidyl ether (DGEBA) resin. The surface morphologies and structures of PPTA fiber before and after modification were characterized using scanning electron microscopy, atomic force microscopy, X-ray photoelectron spectroscopy, and X-ray diffractometry. The mechanical properties of the PPTA/DGEBA composite were evaluated using a universal mechanical testing machine. The results demonstrate that when the concentration of phthalic anhydride is 0.3 mol/L, the tensile strength, bending strength and interlaminar shear strength of PPTA/DGEBA composites reach the maximum value, which are increased by 17.94%, 44.18%, and 15.94% compared with the unmodified sample, respectively. After a 0.5-h catalytic modification, the PPTA/DGEBA composites exhibited significantly enhanced tensile strength, bending strength, and interlaminar shear strength, achieving respective increments of 32.28%, 24.91%, and 29.10% compared to the modified samples without catalyst addition. Moreover, the overall mechanical properties of the aramid fiber fabrics and composites were substantially improved, which are more suitable for structural applications.
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1. Introduction


Aromatic polyamide fiber, abbreviated as aramid fiber (PPTA), is the second-generation high-performance reinforcement fiber following carbon fiber [1,2,3]. As one of the three major high-performance fibers in the world, aramid fiber possesses superior properties, such as low density, high tensile strength, high modulus, excellent thermal stability, abrasion resistance, chemical corrosion resistance, and outstanding ballistic performance [4,5,6,7]. Consequently, it is widely used in the manufacturing of advanced composite materials for aerospace, civil engineering, armored protection, and other fields [8,9,10,11,12,13]. However, in practical applications, due to the rigid molecular structure, high crystallinity, smooth surface, and low-molecular-surface active functional groups of aramid fiber, it exhibits certain drawbacks, such as surface chemical inertness [14,15]. This results in poor interfacial adhesion between the reinforcement phase and the resin matrix when used in composite materials, making it difficult to fully transfer stress and affecting the overall performance of the composite materials, thereby greatly limiting its further application [16,17,18,19]. Therefore, while fully exploiting the excellent mechanical properties of aramid fiber, improving the interfacial adhesion performance of fiber-reinforced resin-based composite materials has become a hot research topic both domestically and internationally [20,21,22,23,24,25]. Currently, the most commonly used technique involves modifying the surface of aramid fiber through chemical or physical methods to enhance the interfacial adhesion performance of composite materials [26,27,28,29,30], such as acid treatment [31,32], acid anhydride etching [33], plasma modification [34,35], high-energy radiation modification [36], etc.



Different from the strong acid and acetic anhydride etching commonly used in many previous studies, the Friedel–Crafts acylation reaction refers to a type of reaction where hydrogen or other functional groups in aromatic compounds are replaced by acyl groups [37,38,39]. The reaction between phthalic anhydride and PPTA fiber is an example of the Friedel–Crafts acylation reaction. The amide bond (-CO-NH-) in the molecular chain of PPTA fiber possesses strong electron-donating ability, which can induce changes in the electron cloud density of the benzene ring and enhance the reactivity of the ortho position of the benzene ring [40,41]. Under the action of electrophilic reagents (such as phthalic anhydride), acylation reactions occur, resulting in the generation of -OH groups [42,43]. At the same time, partial amide bonds undergo hydrolysis, leading to the formation of -COOH groups. The reaction mechanism is illustrated in Figure 1. The anhydrous AlCl3 is the most representative catalyst for acylation reactions, widely used to increase the yield of the reaction product (ortho-benzoylbenzoic acid) between benzene and phthalic anhydride [44]. However, there is currently no research on the use of anhydrous AlCl3 for the reaction between phthalic anhydride and PPTA fiber. The catalytic mechanism of anhydrous AlCl3 for acylation reactions involves the carbon of the acyl group (-CONH-) on the benzene ring of PPTA fiber becoming a carbocation under the action of anhydrous AlCl3, promoting the occurrence of aromatic electrophilic substitution reactions, effectively increasing the reaction rate and yield, thereby shortening the modification time, and introducing more polar oxygen-containing functional groups on the fiber surface, increasing the number of active sites on the fiber surface [45,46].



This article investigates the effects of different concentrations of phthalic anhydride on etching plain-woven aramid fiber fabrics. Additionally, it innovatively explores the use of an anhydrous AlCl3-catalyzed fiber modification process, examining the impact of different catalytic modification times on the performance of PPTA/DGEBA composite materials. Characterization is conducted using methods such as scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and universal mechanical testing machines. By altering the roughness of the fiber surface and increasing the contact area with the resin, the aim is to enhance the physical-mechanical interlocking and chemical bonding between the aramid fibers and DGEBA resin phases. This is intended to improve the interfacial bonding properties of the composite materials, thereby enhancing their overall performance.




2. Experimental Study


2.1. Materials and Reagents


The aramid fiber plain fabric (PPTA) was purchased from Yantai (Taihe New Material Co., Ltd., Yantai, China), and its performance parameters are presented in Table 1. Other chemical reagents used and purchasing units are as follows: bisphenol A diglycidyl ether (DGEBA), phthalic anhydride and anhydrous aluminum chloride were all sourced from Shanghai (Deborah Biotechnology Co., Ltd., Shanghai, China, McLin Biochemical Technology Co., Ltd., Shanghai, China, Merrill Chemical Technology Co., Ltd., Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). Anhydrous ethanol and acetone came from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Among them, anhydrous ethanol was analytical grade (purity of 99.5%) and used as a solvent for phthalic anhydride, which is a surface modifier for aramid fiber plain fabric. Anhydrous aluminum chloride was used as a modification catalyst, and bisphenol A diglycidyl ether (EP) as the matrix of the aramid fiber composite material.




2.2. Experimental Method


2.2.1. PPTA Pretreatment


The PPTA fabric was immersed in a high-capacity beaker filled with acetone and placed inside an ultrasonic cleaner to eliminate any residual grease, ash layer, or other impurities that may have remained on the fiber surface during the spinning process. To prevent excessive volatilization of acetone caused by the heat generated from ultrasonic shock, the water in the ultrasonic container was replaced every 90 min to maintain a cooling effect. After undergoing 3 h of ultrasonic treatment, the fiber was removed and dried for 3 h at 100 °C in an air blast oven and cut into mold size for use.




2.2.2. Surface Modification of PPTA by Phthalic Anhydride


Under the influence of magnetic stirring, phthalic anhydride was dissolved in anhydrous ethanol to prepare solutions with mass concentrations of 0.15 mol/L, 0.3 mol/L, and 0.45 mol/L in each beaker, respectively. The pre-treated PPTA fabrics were immersed in each solution, respectively, with temperature modification at a constant 80 °C for 2 h (h). Afterward, the modified PPTA fabric was repeatedly cleaned with deionized water and placed in the oven at 100 °C for 3 h before use. In order to prevent the volatilization of the solution during the modification process, it was necessary to cover the beaker with a layer of plastic wrap.




2.2.3. Catalytic Modification of PPTA with Phthalic Anhydride by Anhydrous AlCl3


Under the influence of magnetic stirring, phthalic anhydride was dissolved in anhydrous ethanol to prepare solutions with mass concentrations of 0.3 mol/L in a beaker. Then anhydrous AlCl3 was added to the phthalic anhydride solution. In order to prevent excessive reactivity, the addition of anhydrous AlCl3 to the phthalic anhydride solution was carried out gradually in batches. The total amount of anhydrous AlCl3 added was twice the mass of phthalic anhydride. The pre-treated PPTA fabrics were immersed in it and modified at 80 °C for 0.5 h, 1 h, 1.5 h, and 2 h, respectively. Similarly, the modified PPTA fabric was repeatedly cleaned with deionized water and placed in the oven at 100 °C for 3 h before use.




2.2.4. Preparation of PPTA-Reinforced Composite


In this experiment, unmodified and modified PPTA/DGEBA composite materials were all prepared by compression molding with a platen vulcanizing press. The ratio of DGEBA to the curing agent triethylene tetramine (TETA) was 10:1. The resin was applied to both sides of the fiber by a hand lay-up process. The composite materials used for the tensile, bending, and interlaminar shear tests consisted of 7 layers of PPTA fiber, with a resin matrix content of approximately 20%. The molding process parameters are shown in Table 2.





2.3. Test Characterization Method


2.3.1. Test Equipment


A 025MN flat vulcanizing machine (Wuxi Zhongkai Rubber Machinery Co., Ltd., Wuxi, China), Phenom Pro desktop scanning electron microscope (SEM, Phenom-World Shanghai Instruments Co., Ltd., Shanghai, China), attoDRY2100-9T atomic force microscope (AFM, Attocube Systems AG Co., Ltd., Haar, Germany), ESCALAB 250Xi X-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific China, Ltd., Shanghai, China), D/MAX2500V+/PC X-ray diffractometer (XRD, Rigaku Corporation, Tokyo, Japan), and an MTS-CMT-4204 universal mechanical testing machine (Shenzhen Xin Sansi Experimental Instrument Co., Ltd., Shenzhen, China) were employed. Partial testing equipments are shown in Figure 2.




2.3.2. Characterization of Fiber Microstructure


A Phenom Pro desktop scanning electron microscope (SEM) and atomic force microscope (AFM) were employed to characterize the surface morphology and fracture morphology of aramid fiber before and after modification. The PPTA fibers were flatly fixed onto metal circular sample holders using conductive adhesive. After gold sputtering treatment, the surface microstructure of the PPTA fibers was observed using SEM. A scanning electron microscope/X-ray energy dispersive spectrometer (SEM/EDS) and an atomic force microscope (AFM) were employed to determine the surface element content and surface roughness of the fiber. For AFM analysis, the fibers needed to be trimmed to appropriate sizes and fixed onto the sample holder using double-sided adhesive. Care was taken to ensure that the entire surface of the sample remained at the same level. Tests were conducted using the tapping mode, with a scanning range of 3 × 3 μm.



X-ray diffraction (XRD) was used to analyze whether the modification treatment affected the crystal structure of aramid fibers, with a scanning speed of 8°/min and a scanning angle range from 5° to 80°.



X-ray photoelectron spectroscopy (XPS) was utilized to determine the surface elements, functional groups, and their content changes before and after modification of aramid fibers.




2.3.3. Mechanical Properties Tests of Composite Materials


A Shenzhen MTS-CMT-4204 electronic universal testing machine was used to test the tensile and bending properties of the PPTA/DGEBA composite materials. Testing was conducted according to the standards GB/T1040-2006 “Determination of tensile properties of plastics” and GB/T1449-2005 “Test methods for flexural properties of fiber-reinforced plastics”, respectively.




2.3.4. Interface Performance Tests of Composite Materials


Currently, the most widely used methods for interface evaluation in micro-composite material experiments are the single fiber pull-out test and the interlaminar shear strength (ILSS) test in macroscopic mechanical testing. The interlaminar shear strength (ILSS) of composite materials can reflect to a certain extent the interfacial bonding strength between the fibers and the resin matrix. In this experiment, an MTS-CMT-4204 electronic universal testing machine was utilized to test the interlaminar shear strength of PPTA/DGEBA composite materials, thereby characterizing the bonding performance of the composite material interfaces.



The interlaminar shear strength test was conducted in accordance with ASTM D2344 “Standard Test Method for Short-Beam Strength of Polymer Matrix Composite Materials and Their Laminates”. The specimen dimensions were 12 mm × 4 mm × 2 mm, with a span-to-depth ratio of 4:1, and the testing speed was set to 1 mm/min. The interlaminar shear strength value was calculated according to Equation (1).


  F = 0.75 ×     P   m     b × h    



(1)




where F is the interlaminar shear strength (MPa); Pm is the maximum load (N); b is the specimen width (mm), and h is the specimen thickness (mm).






3. Results and Discussion


3.1. Influence of Phthalic Anhydride Solution Concentration on the Surface Properties of PPTA Fiber


3.1.1. Study on Microstructures of PPTA Fiber Surface before and after Modification


PPTA fiber was modified with different concentrations of phthalic anhydride, with modification conditions as shown in Table 3. The surface morphology of aramid fiber before and after phthalic anhydride modification was observed using a Phenom Pro desktop scanning electron microscope (SEM), as shown in Figure 3. In Figure 3a, it can be observed that the surface of the unmodified PPTA fiber appears smooth. In Figure 3b, after modification with a solution of phthalic anhydride at a concentration of 0.15 mol/L (PPTA-0.15), the surface of the PPTA fiber shows a few protrusions and small grooves, indicating an increase in surface roughness. In Figure 3c, after modification with a solution of phthalic anhydride at a concentration of 0.30 mol/L (PPTA-0.30), there are more protruding structures, longer grooves, and stripes on the fiber surface. The protruding structures provide physical anchoring effects, while the grooves and stripes can increase the surface roughness and specific surface area of the PPTA-0.30 fiber. This enhances the degree of infiltration of the DGEBA matrix into the PPTA-0.30 fiber, strengthening the mechanical bonding at the interface of the composite material. In Figure 3d, after modification with 0.45 mol/L phthalic anhydride solution (PPTA-0.45), fiber delamination becomes more pronounced, indicating fiber fibrillation. This is attributed to the excessively high concentration of phthalic anhydride, which intensifies the degree of surface modification, leading to damage and detachment of the fiber cortex, and the detachment of the fiber cortex results in a decrease in the strength of the fiber itself.




3.1.2. Study on Surface Element Compositions of Aramid Fiber before and after Modification


To investigate the reaction mechanism between phthalic anhydride and PPTA fiber, the surface elemental composition of PPTA fiber before and after modification were analyzed and compared. X-ray photoelectron spectroscopy (XPS) can determine the atomic bonding state and electron distribution state by measuring the chemical shift of a material’s electronic spectrum, as well as identify atomic types and chemical states (excluding H, He) through the characteristic binding energies of the elements and the spectral lines in the XPS spectra. XPS is widely used for analyzing the surface modification of polymers.



Figure 4 shows the survey scan spectra of the surface chemical composition of PPTA fiber after modification with different concentrations of phthalic anhydride solutions. Figure 4a is the XPS survey scan spectrum of unmodified PPTA fiber, while Figure 4b, Figure 4c, and Figure 4d, respectively, represent the XPS survey scan spectrum of PPTA fiber after modification with 0.15 mol/L, 0.3 mol/L, and 0.45 mol/L phthalic anhydride solutions. In each survey scan spectrum, three strong peaks can be observed, corresponding to the presence of three elements on the surface of the PPTA fiber: carbon (C), nitrogen (N), and oxygen (O) elements. Furthermore, the relative content of the three elements can be quantitatively determined by the intensity of the peak. Comparing Figure 4a–c, with the increase in the concentration of phthalic anhydride, the C1s peak on the surface of PPTA fiber shows a slight decrease, while the N1s and O1s peaks significantly increase. Especially after modification with a 0.3 mol/L solution of phthalic anhydride, the enhancement of the O1s peak is notably pronounced (Figure 4c). These changes indicate that after modification with phthalic anhydride solution, the oxygen content on the surface of PPTA fiber significantly increases; when the concentration of phthalic anhydride is in the range of 0~0.3 mol/L, the oxygen content on the fiber surface notably increases with the concentration, reaching its highest value at 0.3 mol/L. In Figure 4d, when the concentration of phthalic anhydride solution reaches 0.45 mol/L, the O1s peak decreases significantly and the O content drops sharply. This change indicates that the etching of the fiber surface is dominant at this time, leading to delamination of the fiber surface layer, causing the shedding of oxygen-containing functional groups and the decrease in oxygen content. The relative percentage contents of the three elements carbon (C), nitrogen (N), and oxygen (O) on the surface of PPTA fiber are shown in Table 4. The O/C ratios on the surface of unmodified PPTA fiber and PPTA fiber modified by 0.15 mol/L, 0.3 mol/L, and 0.45 mol/L phthalic anhydride solutions are 0.149, 0.156, 0.176, and 0.148, respectively. The data indicate that the optimal modification concentration for phthalic anhydride modified PPTA fiber is 0.3 mol/L. At this concentration, the most oxygen-containing functional groups are introduced into the fiber surface, the surface oxygen content is the highest, and the surface etching is relatively light. Below this concentration, the oxygen content is not ideal, while above this concentration, severe surface etching and delamination of the fiber occur.



In order to further analyze the chemical states of surface elements on the PPTA fiber before and after modification, peak fitting was performed on the C1s spectrum, as shown in Figure 5. From Figure 5a, it can be observed that the functional groups on the unmodified PPTA fiber surface are mainly composed of C-C (284.5 eV), C-N (285.5 eV), and C=O (287.7 eV). After modification with phthalic anhydride, new functional groups, such as C-O (286.3 eV) and O=C-O (289.9 eV), were introduced onto the PPTA fiber surface, resulting in increased oxygen content and a higher proportion of polar oxygen-containing functional groups. This change enhances the chemical bonding strength between PPTA fibers and the DGEBA matrix and improves the wettability and adhesion property of the PPTA fiber surfaces, thereby enhancing the interfacial bonding strength in the PPTA fiber-reinforced composite materials.




3.1.3. Study on Crystalline Structures of Aramid Fibers before and after Modification


X-ray diffraction (XRD) was used to analyze the changes in the crystal structure of the PPTA fiber before and after modification. The molecular structure segments of the cortex of PPTA fiber are arranged in a highly regular manner, exhibiting high crystallinity and orientation. Figure 6 shows the XRD diagram of the PPTA fiber after modification with different concentrations of phthalic anhydride solution. From the figure, the PPTA fiber has three obvious characteristic diffraction peaks at 2θ = 20.7°, 22.9°, and 29.0°. These are the characteristic peaks of PPTA fiber, corresponding to the (110), (200), and (004) crystal planes of PPTA fiber, respectively; after modification with 0.15 mol/L and 0.3 mol/L concentrations of phthalic anhydride solution, the three characteristic diffraction peaks of the fiber show no significant changes, indicating that the fiber structure remains unaffected. However, when the concentration of phthalic anhydride solution increases to 0.45 mol/L, the diffraction peaks of the fibers broaden, and the two main peaks at 2θ = 20.7° and 22.9° are weakened, indicating that at this point, the surface etching effect on the fiber is too strong, leading to delamination of the fiber cortex and a decrease in crystallinity.





3.2. Influence of Anhydrous AlCl3 Catalysis Modification Time on Surface Properties of PPTA Fiber


3.2.1. SEM Analysis of Fiber Surface Morphology before and after Modification


To further investigate the influence of catalytic modification with anhydrous AlCl3 on the properties of fibers, PPTA fibers were treated with a 0.3 mol/L solution of phthalic anhydride under the catalytic effect of anhydrous AlCl3 for different durations (0.5 h, 1 h, 1.5 h, and 2 h).



The modification conditions for each fiber are shown in Table 5. For the PPTA-2h fiber, its modification process is identical to that of the PPTA-0.3 fiber. To explore the impact of the catalytic modification time on both the fibers and the composite materials, we named the PPTA-0.3 fiber “PPTA-2h” to indicate its association with time. Under the catalysis of anhydrous AlCl3, the SEM images of PPTA fiber treated with different time of modification are shown in Figure 7. As previously analyzed, the surface of the unmodified PPTA fiber is smooth and defect-free (Figure 3a); after 2 h of modification, the surface of the PPTA fiber exhibits protrusions and grooves (Figure 3c). In Figure 7a, for PPTA-0.5 h (A), there are more protrusions, grooves, and stripes on the fiber surface, indicating an increased roughness; in Figure 7b, for PPTA-1 h (A), there are more protrusions and small grooves on the fiber surface, leading to an increased roughness. Additionally, detached microfibers can be observed on the fiber surface at this point, indicating damage to the fibers; in Figure 7c, for PPTA-1.5 h (A), delamination occurs in the cortex layer due to prolonged modification time. The excessive modification causes damage to the fiber surface and reduces its overall strength. Finally, in Figure 7d, for PPTA-2 h (A), there is a greater degree of delamination on the fibers surface with an increase in both quantity and width of microfibers at these detachment sites.




3.2.2. Analysis of AFM on Surface Morphology of Fibers before and after Modification


Atomic force microscopy (AFM) is widely used to observe the nanoscale morphology of sample surfaces, with a resolution that can reach the atomic level. Table 6 shows the average surface roughness of the PPTA fiber before and after modification, and Figure 8 presents AFM images of the PPTA fiber before and after modification. For unmodified PPTA fibers, the surface is smooth, without prominent protrusions or indentations, and exhibits low surface roughness (Figure 8a). After modification with phthalic anhydride for 2 h (PPTA-2 h), the surface of the fibers exhibits obvious protrusions and grooves (Figure 8b), resulting in an increase in the fiber surface Ra value. For catalytic modification, the surface roughness and height of the PPTA-0.5 h (A) fibers increase (Figure 8c), leading to a further increase in the Ra value. This is consistent with the SEM analysis and indicates that catalytic modification, while saving time, can further etch the fiber surface, increase surface roughness, enhance mechanical interlocking between fibers and resins, and improve the bonding strength of the composite material interfaces.




3.2.3. Study of Surface Elemental Composition before and after Catalytic Modification of Fiber


To investigate the catalytic mechanism of anhydrous AlCl3, surface elemental analysis was conducted on unmodified PPTA fiber, uncatalytic modified PPTA-2 h fiber, and fiber modified with different durations under catalytic conditions. Figure 9 shows the XPS full spectra of the fibers before and after modification. Figure 9a depicts unmodified PPTA fiber, while Figure 9b shows PPTA-2h fiber modified with 0.3 mol/L phthalic anhydride for 2 h. Figure 9c, Figure 9d, Figure 9e and Figure 9f, respectively, illustrate PPTA-0.5 h (A), PPTA-1 h (A), PPTA-1.5 h (A), and PPTA-2 h (A) fibers modified with 0.3 mol/L phthalic anhydride for 0.5, 1, 1.5, and 2 h under catalytic conditions with anhydrous AlCl3. From Figure 9a, it can be observed that the surface of unmodified PPTA fiber mainly consists of three elements, C, N, and O, which are consistent with its molecular composition. In Figure 9, the C1s peak and N1s peak of the catalytically modified fibers are lower compared to those of unmodified PPTA fiber and PPTA-2 h fiber, while the O1s peak is significantly enhanced. Relative percentages of the three elements were calculated using Avantage 5.9931 software, and the results are presented in Table 7. The surface element O/C ratios of PPTA-0.5 h (A) fiber, PPTA-1 h (A) fiber, PPTA-1.5 h (A) fiber, and PPTA-2 h (A) fiber are 0.307, 0.389, 0.355, and 0.318, respectively, nearly twice as high as those of unmodified PPTA fiber and PPTA-2 h fiber. This indicates that the addition of the catalyst anhydrous AlCl3 in the modification process accelerates the reaction rate, increases the reaction extent, introduces more polar oxygen-containing functional groups on the fiber surface, and enhances the oxygen content on the fiber surface. However, if the catalytic modification time is too long (1.5 h, 2 h), the excessive etching effect will exacerbate the degree of fiber surface delamination and the loss of polar oxygen-containing functional groups, leading to a decrease in the relative oxygen content.



To further analyze the changes in the surface functional groups of the PPTA fiber during catalytic modification and investigate the chemical reaction mechanism occurring on the fiber surface during this process, peak fitting of the C1s peak was performed using Avantage software, and the results are shown in Figure 10. In Figure 10a, the surface functional groups of unmodified PPTA fiber mainly include C-C (284.5 eV), C-N (285.5 eV), and C=O (287.7 eV). In Figure 10b, C-O (286.3 eV) is introduced on the surface of PPTA-2 h fiber. From Figure 10c–f, it can be observed that the types of polar oxygen-containing functional groups introduced on the fiber surface remain unchanged after catalytic modification, but the number of polar oxygen-containing functional groups increases. This indicates that the catalyst anhydrous AlCl3 can increase the reaction rate, improve the reaction yield, enhance the chemical bonding and wetting properties between the fiber and the matrix, and improve the interfacial bonding of fiber-reinforced resin matrix composites.




3.2.4. Fiber Crystal Structures before and after Catalytic Modification


Figure 11 depicts the XRD patterns of PPTA fiber after modification. Compared to PPTA-2 h fiber, there is no significant change observed in the diffraction peaks of PPTA-0.5 h (A) fiber and PPTA-1 h (A) fiber after catalytic modification, indicating that the aggregate structure of fibers remains unchanged and no new crystalline structure is formed after catalytic modification, which mainly occurs on the surface of the fibers. The position and range of the diffraction peaks of PPTA-1.5 h (A) fiber also show no significant change, suggesting that the crystalline structure of PPTA-1.5 h (A) fiber remains unchanged. However, the intensity of the two major diffraction peaks of PPTA-1.5 h (A) fiber noticeably decreases, indicating that the chemical composition and structure of the fiber surface are affected. Prolonged catalytic modification leads to increased surface etching of fiber, causing the detachment of highly crystalline outer layers, thereby reducing the overall crystallinity of fiber. The broadening of diffraction peaks for PPTA-2 h (A) fiber suggests that prolonged etching continuously leads to surface peeling, resulting in a continuous decrease in fiber crystallinity, which can compromise the intrinsic strength of the fiber. Therefore, it is necessary to control the duration of catalytic modification; excessive modification time (1.5 h, 2 h) may decrease the intrinsic strength of the fiber.





3.3. Influence of Modification Treatment on Properties of PPTA/DGEBA Composite Materials


3.3.1. Interfacial Properties of PPTA/DGEBA Composites before and after Anhydride Modification


The PPTA fiber modified by phthalic anhydride solution of different concentrations was hot pressed with DGEBA to prepare the PPTA/DGEBA composite material. The interlaminar shear strength is shown in Figure 12; the interlaminar shear strength of the modified PPTA composites is higher than that of the unmodified PPTA composites. Specifically, the interlaminar shear strengths of the unmodified PPTA, PPTA-0.15, PPTA-0.30, and PPTA-0.45 composites are 10.79 MPa, 11.65 MPa, 12.51 MPa, and 12.20 MPa, respectively. The interlaminar shear strength of the PPTA-0.30 composite is 15.94% higher than that of the unmodified PPTA composite, indicating that the PPTA fiber modified with a 0.30 mol/L phthalic anhydride solution and then combined with DGEBA exhibits the highest interlaminar shear strength. The optimal treatment concentration for modifying PPTA fiber with phthalic anhydride solution is 0.30 mol/L.



The interaction mechanism studied herein between the fibers and matrix is interface modification [47]. The mechanism involves introducing chemical functional groups onto the fiber surface through chemical treatment to enhance the adhesion and compatibility between the fiber and matrix [48]. As the chemical treatment progresses, it creates chemical active sites on the fiber surface, forming strong bonds with chemical groups in the matrix, thereby increasing the adhesion strength of the interface. However, with further treatment, more severe fiber etching occurs, adversely affecting the properties of the fibers themselves, resulting in a decrease in interface performance.




3.3.2. Interfacial Properties of PPTA/DGEBA Composite Materials before and after Catalytic Modification


The interlaminar shear strength of PPTA/DGEBA composite materials before and after catalytic modification of phthalic anhydride by anhydrous AlCl3 is shown in Figure 13. The interlaminar shear strength of the unmodified PPTA samples is 10.79 MPa. After modification, the interlaminar shear strength of the PPTA-2 h samples increases to 12.51 Mpa. For the catalytically modified PPTA-0.5 h(A), PPTA-1 h(A), PPTA-1.5 h (A), and PPTA-2 h (A) samples, the interlaminar shear strengths are 16.15 MPa, 14.15 MPa, 13.71 MPa, and 13.03 MPa, respectively. Among them, the interlaminar shear strength of the PPTA-0.5 h (A) samples is increased by 49.68% compared to the unmodified PPTA samples and by 29.10% compared to the PPTA-2 h samples.



Combining the previous analysis of the microstructure and elemental composition of the PPTA fiber surfaces before and after modification, it is evident that the addition of the catalyst anhydrous AlCl3 during modification introduces more polar oxygen-containing functional groups on the fiber surface. These polar functional groups form chemical bonds with the DGEBA matrix, thereby improving interfacial adhesion and bond strength. Additionally, the formation of “protrusions,” small grooves, and stripes on the fiber surface enhances physical anchoring, strengthening the mechanical interlocking between the fiber and the matrix. Moreover, these “protrusions,” grooves, and stripes increase the specific surface area of fibers, thereby increasing the free energy of the fiber surface. This facilitates better spreading of the matrix on the fiber surface, improving wettability, and enhancing interfacial adhesion. Among these, the interlaminar shear strength of the PPTA-0.5 h (A) sample shows the most significant improvement, indicating optimal modification effects on its fibers and optimal interfacial bonding performance of the composite material.




3.3.3. Mechanical Properties of PPTA/DGEBA Composite Materials before and after Maleic Anhydride Modification


The tensile strength and flexural strength of the PPTA/DGEBA composite materials after modification with different concentrations of phthalic anhydride are shown in Figure 14. The tensile strength of the unmodified PPTA specimens is 196.64 MPa. For the PPTA-0.15 specimens, the tensile strength is 208.91 MPa, while for the PPTA-0.3 specimens, it is 231.91 MPa, representing an increase of 17.94% compared to the unmodified PPTA specimens. The tensile strength of the PPTA-0.45 specimens is 177.55 MPa. The flexural strength of the modified composite materials is higher than that of the unmodified composite materials. The flexural strength of the unmodified PPTA specimens is 138.27 MPa, while for the PPTA-0.15 specimens, it is 154.01 MPa. The PPTA-0.3 specimens exhibit a flexural strength of 199.36 MPa, representing a 44.18% increase compared to the unmodified PPTA specimens. The flexural strength of the PPTA-0.45 specimens is 145.44 MPa.



With an increase in the concentration of phthalic anhydride, the mechanical properties of the PPTA/DGEBA composite materials exhibit a trend of initially increasing and then decreasing. When the concentration of phthalic anhydride is 0.3 mol/L, the mechanical properties of the PPTA/DGEBA composite materials reach their optimum. This is attributed to the modification of PPTA fibers by phthalic anhydride, which can increase the surface roughness and polarity functional groups of the fibers, thereby enhancing the mechanical interlocking and chemical bonding between the fibers and the resin matrix. Consequently, within the concentration range of 0 to 0.3 mol/L of phthalic anhydride, the mechanical properties of the PPTA/DGEBA composite materials are strengthened with increasing concentration of phthalic anhydride. However, when the concentration of phthalic anhydride exceeds 0.3 mol/L, the surface etching of the fibers intensifies, and the fiber coating begins to peel off, resulting in a decrease in the intrinsic strength of the fibers. Since the outstanding performance of the fibers as reinforcing agents cannot be fully realized, the mechanical properties of the composite material exhibit a decreasing trend within the concentration range of 0.3 to 0.45 mol/L of phthalic anhydride.




3.3.4. Mechanical Properties of PPTA/DGEBA Composite Materials before and after Catalytic Modification


The tensile strength of PPTA/DGEBA composite materials before and after catalytic modification of PPTA fiber is shown in Figure 15a. The stress–strain curves during the tensile process of PPTA/DGEBA composite materials before and after catalytic modification are shown in Figure 15b. In Figure 15a, the tensile strength of the unmodified PPTA samples is 196.64 MPa, while that of the PPTA-2 h samples is 231.91 MPa. The tensile strength of the PPTA-0.5 h (A) samples is 306.77 MPa, which is 32.28% higher than that of the PPTA-2 h samples and 56.01% higher than that of the unmodified PPTA samples. With increase in the catalytic modification time, the tensile strength of the composite materials decreases. The tensile strengths of samples modified for 1 h, 1.5 h, and 2 h are 241.40 MPa, 153.97 MPa, and 138.57 MPa, respectively. The flexural strength of the unmodified PPTA samples is 138.27 MPa, while that of the PPTA-2 h samples is 199.31 MPa. The flexural strengths of the PPTA-0.5 h (A), PPTA-1 h (A), PPTA-1.5 h (A), and PPTA-2 h (A) samples are 248.95 MPa, 232.12 MPa, 160.66 MPa, and 147.12 MPa, respectively. Among them, the flexural strength of the PPTA-0.5 h(A) samples is 24.91% higher than that of the PPTA-2 h samples.



Figure 15b depicts the stress–strain curves of the PPTA/DGEBA composite materials before and after catalytic modification during tensile testing. Initially, when subjected to axial tensile loading, the composite material mainly bears the load through the DGEBA matrix. As the tensile displacement increases, both the fiber and matrix, as well as their interfacial adhesion, collectively bear the load. Due to the lower toughness of the resin matrix compared to the fiber reinforcement, matrix fracture begins to occur, corresponding to the inflection point on the curve where the slope gradually decreases. After catalytic modification, the increased presence of polar oxygen-containing functional groups on the surface of PPTA-0.5 h (A) fibers significantly enhances the adhesion between the fiber and matrix, resulting in an increase in stress at the inflection point of the stress–strain curve. However, excessively prolonged catalytic modification time (PPTA-1 h (A), PPTA-1.5 h (A), PPTA-2 h (A)) exacerbates surface erosion of the fiber, leading to potential detachment of the fiber’s surface layer and a decrease in the intrinsic strength of the fiber. Consequently, the interfacial adhesion between the fiber and resin cannot be improved, resulting in a decrease in stress at the inflection point and a reduction in tensile performance of the composite material. As the tensile displacement continues to increase, DGEBA matrix failure occurs, and the tensile load is primarily borne by the fiber reinforcement until the sample is damaged, reaching its maximum tensile strength.



The flexural strength of the PPTA/DGEBA composite materials before and after catalytic modification of PPTA fiber is shown in Figure 16a. The stress–strain curves during the bending process of the PPTA/DGEBA composite materials before and after catalytic modification are shown in Figure 16b. In Figure 16a, the flexural strength of the unmodified PPTA samples is 138.27 MPa, while that of the PPTA-2 h samples is 199.31 MPa. The flexural strengths of the PPTA-0.5 h (A), PPTA-1 h (A), PPTA-1.5 h (A), and PPTA-2 h (A) samples are 248.95 MPa, 232.12 MPa, 160.66 MPa, and 147.12 MPa, respectively. Among them, the flexural strength of the PPTA-0.5 h (A) samples is 24.91% higher than that of the PPTA-2 h samples. The flexural performance of the PPTA/DGEBA composite material is significantly improved after catalytic modification.



In Figure 16b, it can be observed that the peaks of the stress–strain curves for all specimens exhibit an arc shape, and the increase in load after reaching the peak gradually decreases with increasing displacement. During the bending failure process, the failure modes of the PPTA/DGEBA composite material include compression failure in the upper layer, shear failure in the middle layer, tensile failure in the lower layer, and delamination. The compression strain of the PPTA/DGEBA composite material is four times that of the tensile strain, but its compression strength is only one-fourth of the tensile strength. Therefore, in bending tests, the PPTA fiber on the compression side will exhibit a “yielding” phenomenon at low strains under load, manifested as a turning point appearing before the peak on the stress–strain curve. At this point, the entire PPTA/DGEBA specimen still has a significant load-carrying capacity, eventually forming an arc-shaped peak in the stress–strain curve. A slight fluctuation can be observed on the stress–strain curve of the unmodified PPTA specimen, which is due to the occurrence of fracture in the DGEBA matrix at that time. Through data comparison, it was found that the order of bending stress magnitude for the specimens is as follows: PPTA-0.5 h (A) > PPTA-1 h (A) > PPTA-2 h > PPTA-1.5 h (A) > PPTA-2 h (A) > PPTA.



Combining the analysis of the microstructure and element composition of the fiber surfaces before and after modification, the catalytic action of anhydrous AlCl3 increases the number of polar functional groups on the fiber surface and increases surface roughness. This enhancement strengthens the chemical bonding and mechanical interlocking between the fiber and the DGEBA matrix, thereby improving the interfacial adhesion and tensile strength of the PPTA/DGEBA composite material. However, prolonged modification can lead to fiber damage and surface layer detachment, resulting in a decrease in intrinsic strength. Consequently, the excellent properties of the fibers as reinforcing agents are not fully utilized, thereby negatively affecting the tensile performance of the composite material.



Figure 17 depicts the side-view micrographs of the PPTA/DGEBA composite materials after bending failure at different catalytic modification times. In Figure 17a,b, at the interface delamination after bending failure, both the PPTA-0.5 h (A) fibers and the PPTA-1 h (A) fibers are encapsulated by resin, with multiple fibers bonded together through resin, collectively sharing the bending load. Additionally, good interfacial adhesion effectively transfers stress, significantly enhancing the bending strength of the composite material. However, in Figure 17c, fiber fracture is evident due to prolonged catalytic modification of 1.5 h, causing surface delamination and detachment of fibers, resulting in structural damage to the fibers and leading to fracture failure under load, consequently reducing the bending strength of the composite material. In Figure 17d, fiber fracture is similarly observed, with less resin attached to the fiber surface, indicating exacerbated surface etching of fibers due to prolonged 2 h catalytic modification, resulting in severe fiber damage and another decrease in the bending strength of the composite material.






4. Conclusions


	
Phthalic anhydride can undergo an acylation reaction with PPTA fiber, introducing -OH active functional groups onto the phenyl rings of the fibers. Some of the amide bonds on the fibers undergo hydrolysis to form -COOH, increasing the O/C elemental ratio on the fiber surface. With increase in the concentration of phthalic anhydride, the O/C ratio initially increases and then decreases. When the concentration of pyromellitic anhydride is 0.3 mol/L, the O/C ratio reaches its maximum value of 0.176, representing an 18.12% increase compared to unmodified PPTA fiber.



	
After modification with 0.3 mol/L phthalic anhydride, the tensile strength, flexural strength, and interlaminar shear strength of the PPTA/DGEBA composite materials all increased to their maximum values, showing improvements of 17.94%, 44.18%, and 15.94%, respectively, compared to unmodified specimens.



	
Anhydrous AlCl3 can serve as a catalyst for the acylation reaction between phthalic anhydride and PPTA fiber, reducing the modification time and increasing the introduction rate of oxygen-containing functional groups on the fiber surface, resulting in an increase in the O/C elemental ratio on the fiber surface. After catalytic modification for 0.5 h, 1 h, 1.5 h, and 2 h, the O/C elemental ratio on the fiber surface shows an increasing trend. Compared to PPTA fiber modified without the addition of catalyst, the O/C elemental ratio increased by 74.43%, 121.02%, 101.70%, and 80.68%, respectively.



	
After catalytic modification for 0.5 h, the tensile strength, flexural strength, and interlaminar shear strength of the PPTA/DGEBA composite materials all increased to their maximum values. Compared to non-catalyzed modified samples, there were improvements of 32.28%, 24.91%, and 29.10%, respectively.
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Figure 1. Reaction mechanism: (a) Acylation reaction; (b) Hydrolysis reaction. 
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Figure 2. Partial testing equipment: (a) 025MN flat vulcanizing machine; (b) MTS-CMT-4204 universal mechanical testing machine. 
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Figure 3. SEM images of PPTA fiber surface before and after modification: (a) PPTA; (b) PPTA-0.15; (c) PPTA-0.3; (d) PPTA-0.45. 
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Figure 4. XPS full spectrums of PPTA fiber before and after modification: (a) PPTA; (b) PPTA-0.15; (c) PPTA-0.3; (d) PPTA-0.45. 
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Figure 5. C1s spectra of PPTA fibers before and after modification: (a) PPTA; (b) PPTA-0.15; (c) PPTA-0.3; (d) PPTA-0.45. 
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Figure 6. XRD diagram of PPTA fiber before and after modification. 
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Figure 7. SEM images of PPTA fiber surface at different times of catalytic modification:(a) PPTA-0.5 h (A); (b) PPTA-1 h (A); (c) PPTA-1.5 h (A); (d) PPTA-2 h (A). 
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Figure 8. AFM diagram of PPTA fiber before and after catalytic modification: (a) PPTA; (b) PPTA-2 h; (c) PPTA-0.5 h (A). 
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Figure 9. XPS full spectrum of PPTA fiber before and after catalytic modification: (a) PPTA; (b) PPTA-2 h; (c) PPTA-0.5 h (A); (d) PPTA-1 h (A); (e) PPTA-1.5 h (A); (f) PPTA-2 h (A). 
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Figure 10. C1s spectra of PPTA fiber before and after catalytic modification: (a) PPTA; (b) PPTA-2 h; (c) PPTA-0.5 h (A); (d) PPTA-1 h(A); (e) PPTA-1.5 h(A); (f) PPTA-2 h(A). 
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Figure 11. XRD diagram of catalytic modified PPTA fiber. 
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Figure 12. Interlaminar shear strength of PPTA/DGEBA composites before and after anhydride modification. 
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Figure 13. Interlaminar shear strengths of PPTA/DGEBA composites before and after catalytic modification. 
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Figure 14. Tensile strength and flexural strength of PPTA/DGEBA composites before and after modification. 
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Figure 15. (a) Tensile strength of PPTA/DGEBA composites; (b) PPTA/DGEBA stress–strain curve during tensile process. 
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Figure 16. (a) Flexural strength of PPTA/DGEBA composites; (b) PPTA/DGEBA stress–strain curve during flexural process. 
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Figure 17. Lateral microscopic morphology of catalytically modified PPTA/DGEBA composites after bending damage:(a) PPTA-0.5h (A); (b) PPTA-1 h (A); (c) PPTA-1.5 h (A); (d) PPTA-2 h (A). 
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Table 1. PPTA fiber performance parameters.






Table 1. PPTA fiber performance parameters.





	Performance
	Warp Direction
	Latitudinal Direction





	Single layer thickness (mm)
	0.5
	0.5



	Mass per unit area (g/m2)
	340
	340



	Density (Yarns/10 cm)
	150
	148



	Rupture strength (N/50 mm)
	13,215
	14,370



	Elongation at break (%)
	8.42
	5.59



	Coefficient of variation of fracture strength (%)
	2.92
	1.79










 





Table 2. Molding process parameters.






Table 2. Molding process parameters.





	Number of Fiber Layers
	Molding Temperature (T0)

°C
	Molding Pressure (P0)

MPa
	Molding Time (t)

h





	7
	60
	5
	2










 





Table 3. Phthalic anhydride modified fiber conditions.






Table 3. Phthalic anhydride modified fiber conditions.





	Fiber Name
	Fiber Modification Conditions





	unmodified PPTA
	unmodified



	PPTA-0.15
	0.15 mol/L phthalic anhydride + 80 °C +2 h



	PPTA-0.30
	0.30 mol/L phthalic anhydride + 80 °C + 2 h



	PPTA-0.15
	0.45 mol/L phthalic anhydride + 80 °C + 2 h










 





Table 4. Surface element content of PPTA fibers before and after modification.






Table 4. Surface element content of PPTA fibers before and after modification.





	
Fiber Name

	
Surface Element Content

	
Element Ratio

O/C




	
C

	
N

	
O






	
unmodified PPTA

	
79.02

	
9.21

	
11.77

	
0.149




	
PPTA-0.15

	
78.32

	
9.45

	
12.23

	
0.156




	
PPTA-0.30

	
76.58

	
9.93

	
13.49

	
0.176




	
PPTA-0.15

	
78.58

	
9.78

	
11.64

	
0.148











 





Table 5. Catalytic modification conditions of anhydrous AlCl3.






Table 5. Catalytic modification conditions of anhydrous AlCl3.





	Fiber Name
	Fiber Modification Conditions





	unmodified PPTA
	unmodified



	PPTA-2 h
	0.30 mol/L phthalic anhydride + 80 °C + 2 h



	PPTA-0.5 h (A)
	0.3 mol/L phthalic anhydride + anhydrous AlCl3 + 80 °C + 0.5 h



	PPTA-1 h (A)
	0.3 mol/L phthalic anhydride + anhydrous AlCl3 + 80 °C + 1 h



	PPTA-1.5 h (A)
	0.3 mol/L phthalic anhydride + anhydrous AlCl3 + 80 °C + 1.5 h



	PPTA-2 h (A)
	0.3 mol/L phthalic anhydride + anhydrous AlCl3 + 80 °C + 2 h










 





Table 6. Average surface roughness of PPTA fiber before and after catalytic modification.






Table 6. Average surface roughness of PPTA fiber before and after catalytic modification.





	Fiber
	Unmodified PPTA
	PPTA-2 h
	PPTA-0.5 h (A)





	Ra (nm)
	0.10
	0.59
	1.31










 





Table 7. Surface element content of PPTA fiber before and after modification.






Table 7. Surface element content of PPTA fiber before and after modification.





	
Fiber Name

	
Surface Element Content

	
Element Ratio

O/C




	
C

	
N

	
O






	
unmodified PPTA

	
79.02

	
9.21

	
11.77

	
0.149




	
PPTA-2 h

	
76.58

	
9.93

	
13.49

	
0.176




	
PPTA-0.5 h (A)

	
73.01

	
4.61

	
22.38

	
0.307




	
PPTA-1 h (A)

	
70.01

	
2.75

	
27.24

	
0.389




	
PPTA-1.5 h (A)

	
70.83

	
4.05

	
25.12

	
0.355




	
PPTA-2 h (A)

	
70.53

	
7.02

	
22.45

	
0.318
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