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Abstract

:

Epoxy is an important resin matrix and has been widely applied in laminated composites as a coating or adhesive material. In this article, the phenolic was applied to modify the mechanical properties of epoxy resin. The phenolic modified epoxy resins with various phenolic content were prepared via a polytetrafluoroethylene mould, and the phenolic modified epoxy-based plain woven laminated composites (PWLCs) were manufactured via vacuum assisted resin transfer method for further study of phenolic modified epoxy resins’ mechanical properties. The compression tests were performed perpendicularly to thickness at 2 mm/min to investigate the mechanical performances of phenolic modified epoxy resins and epoxy-based PWLCs. The results showed that the addition of phenolic into epoxy could improve the mechanical performances of epoxy resins and epoxy-based composites at room temperature, and the phenolic influenced epoxy-based PWLC more than epoxy matrix at room temperature. However, at high temperatures, the addition of phenolic decreased the mechanical performances of epoxy resins and epoxy-based composites, and the adverse effect of phenolic became more serious with the increase of phenolic content at high temperature. In addition, the thermogravimetric analyses were also conducted from 30 °C to 800 °C on phenolic modified epoxy resins and the results showed that the phenolic modified epoxy resin had an earlier loss in weight than unmodified epoxy resin. The earlier loss in weight meant that the addition of phenolic into epoxy resin led to the formation of unstable molecules at high temperature.
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1. Introduction


Epoxy resins own good mechanical properties and chemical resistance and are often used for coating and bonding. Much research has been conducted on epoxy and epoxy-based composites [1,2,3,4]. Epoxy-based composites have been applied in aerospace, auto parts, marine engineering and other fields due to their superior performances [5,6,7].



Epoxy resins also have some shortcomings such as poor heat resistance and poor toughness. Therefore, many studies [8,9] have been performed to overcome these weaknesses or further improve the whole performance of epoxy resin. Kim et al. [10] performed a chemical reaction between diisocyanate and fatty acid-modified epoxy polyols to synthesize polyurethane which was designed to increase the toughness of epoxy compositions. Yung [11] synthesized amine-functionalized graphene nanosheets to reinforce epoxy resin. Cui et al. [12] employed 1,7-bis(aminophenylene)meta-carborane as a curing agent to prepare heat-resistant epoxy adhesives. Kim et al. [13] used zirconia-impregnated halloysite nanotubes to improve the mechanical and thermal properties of epoxy composites. Kong et al. [14] used lignin to improve the heat-resistance and shear strength of epoxy. Zeng et al. [15] used a bis-silane prepolymer to modify epoxy resin with the purpose of enhancing the corrosion resistance.



Epoxy resin is often used as an adhesive material to constrain or fix fibers in advanced composite materials, such as carbon fiber reinforced epoxy-based composites [16,17]. The mechanical properties of carbon fibers are not sensitive to temperature [18] and the mechanical properties of the epoxy matrix are sensitive to temperature, which causes the sensitivity of epoxy-based composites to temperature [19,20]. In addition, the mechanical properties of epoxy resin are very poor compared with reinforcements [21,22], and the poor mechanical properties matrix will constrain the performance of carbon fiber reinforced composites.



Efforts have been made to enhance the mechanical properties of epoxy resin and the improvements of epoxy’s mechanical properties are mostly by dispersing second phase material in epoxy resin systems [23]. Liu et al. [24] introduced biscitraconimide resin to enhance the cryogenic tensile strength, bending strength, impact strength and fracture toughness of epoxy. Via molecular dynamics simulations, Zhu et al. [25] found that the helical graphenes modified epoxy resin had higher Young’s modulus and yield strength than pure epoxy resin. Korkmaz et al. [26] improved the mechanical properties of epoxy after hydrothermal ageing by incorporating boron nanoparticles. Shen et al. [27] used AgO nanoparticles as fillers to improve the tensile strength and bending strength of epoxy.



The phenolic resin has a high concentration of aromatic cycles which could provide good thermal properties at high temperatures [28]. Phenolic resin contains aldehyde groups and the aldehyde groups can react with epoxy groups, which will increase intermolecular cross-linking of epoxy resin. So, in this article, the phenolic resin was employed to modify the epoxy resin for the purpose of enhancing the mechanical properties of the epoxy matrix, which could provide a reference for the improvement of epoxy’s mechanical properties, and the mechanical properties of phenolic modified epoxy were also investigated at high environmental temperatures. The phenolic or phenolic resin mentioned in the following text means a fluid phenolic resin. Various proportions of phenolic resin were introduced into epoxy resin. The compression tests were performed to investigate the influences of phenolic on the mechanical properties of epoxy resin at room and high temperatures. For further study of the phenolic modified epoxy resins’ mechanical properties, the epoxy-based laminated composites were also prepared and tested.




2. Materials and Methods


2.1. Materials


The epoxy resin used in this study was purchased from Changshujiafa (Changshu, China). The epoxy resin was composed of epoxy (JC-02A) and hardener (JC-02B) with a weight ratio of 10:8. The epoxy had an epoxide number of 0.5–0.53 eq/100 g with a viscosity of 1000–3000 mpa·s. Phenolic used in this study was purchased from Kechuangsuhua (Guangzhou, China) and the free phenol was below 14%. Plain woven used in this study was formed by carbon fiber tows (T700-3k).




2.2. Preparation of Phenolic Modified Epoxy


Phenolic modified epoxy was prepared on the condition that the weight ratio of epoxy and phenolic to hardener was 10:8. Phenolic modified epoxy resins with various weight ratios of phenolic to epoxy were prepared.



The curing process is presented in Figure 1. The resin was obtained by mixing epoxy, hardener and phenolic, and then the mixed resin was vacuumed at 60 °C to remove the air bubbles. The vacuum degassed resin was then poured into a mould containing rectangular grooves (as shown in Figure 1). The mould was made of polytetrafluoroethylene and was coated a layer of release agent before pouring the resin. After pouring the resin, the mould was put into an oven to cure the resin. After curing, the resin was cooled down naturally to room temperature and taken out from the mould, and then the cured resin was cut into resin blocks with a size of 20 mm (height) × 20 mm (width) × 10 mm (thickness). The curing temperatures were 90 °C for 2 h, 110 °C for 1 h and then 130 °C for 4 h.



During the preparation of epoxy, we found that the viscosity of uncured epoxy fluid increased with the increase of phenolic content. When the weight ratio of phenolic to epoxy exceeded 2:8, the fluidity of the mixture of epoxy and phenolic was very poor and the curing time was shortened. The shortened curing time meant the allowed time for the resin to transfer was shortened. The shortened curing time was not good for resin transfer during the molding process of the composite.



In addition, water molecules will be formed during the curing process of the phenolic. The curing temperature for the epoxy is above the boiling point of water, so too many water molecules will cause bubbles in phenolic modified epoxy resin. The bubbles will lead to stress concentration and weaken the mechanical properties of the samples. So, the weight ratio of phenolic to epoxy should not be too high.



For a high weight ratio of phenolic to epoxy, the cured resin matrix contained lots of bubbles as presented in Figure 2. Surface A is the surface in contact with the mould as shown in Figure 1 and surface B is the surface in contact with air. Surface A of the cured resin formed many bubbles. So high weight ratios of phenolic to epoxy were not used.




2.3. Preparation of Laminated Composite


Plain woven laminated composite (PWLC, as shown in Figure 3) was also prepared via vacuum assisted resin transfer method (VATRM) to further study the effect of phenolic on mechanical properties of epoxy-based composites at different temperatures, which can reflect the interlayer bond performances. The resin was obtained by mixing epoxy, hardener and phenolic, and then the resin was vacuumed at 60 °C to remove the air bubbles before being injected into the laminated plain woven fabrics. The cured composite was cut into blocks with a size of 12 mm (height) × 12 mm (width) × 6 mm (thickness).



The PWLC contained 24 layers of plain woven fabrics which were formed by carbon fiber tows (T700-3k). The carbon fibers were coated by phenolic modified epoxy and then glued together. Considering the shortened curing time and fluidity of resin, the M0, M05 and M10 were used as the resin matrix of PWLCs. The types of samples are listed in Table 1.




2.4. Experiment


The compression tests were performed on INSTRON Testing Systems (Model 5696, America) with environmental chamber (as shown in Figure 4) to investigate the mechanical properties of samples at room and high temperatures. Loading rate was 2 mm/min. The testing temperatures were room temperature (20 °C), 80 °C and 150 °C. The test was repeated three times at each condition.



Thermogravimetric (TG) analyses were conducted on phenolic modified epoxy resins through a NETZSCH simultaneous thermal analyzer (Model STA 449 F5, Selb, Germany) to investigate the thermostabilization. The testing temperature range was from 30 °C to 800 °C.




2.5. Statistical Analysis


Standard deviation was used for the statistical analysis of the sample’s compressive peak stress and the computational formula is as follows:


  S =    1  N − 1     ∑   i = 1  N     (   X i  −   X ¯    )   2     



(1)







S is the standard deviation, N is the number of repeated test, X is the value of peak stress and   X ¯   is the average value of peak stress.





3. Results and Discussion


3.1. Compressive Properties of Phenolic Modified Epoxy


Figure 5 shows the compression stress-strain curves of phenolic modified epoxy at different temperatures. At the same temperature, the shapes of stress-strain curves had no significant change with the increase of phenolic content. At room temperature (RT) and 80 °C, the shapes of stress-strain curves exhibited elastoplasticity, whereas the shapes of compressive stress-strain curves of phenolic modified epoxy exhibited a characteristic of high elasticity at 150 °C. Moreover, at 150 °C, the failure strain of phenolic modified epoxy decreased obviously with the increase of phenolic content, and M20 had the smallest failure strain with obvious elastic-brittle characteristic. At 150 °C, the addition of phenolic increased the brittleness of epoxy. This was due to the increase of intermolecular cross-linking with the increase of phenolic content.



Figure 6 shows the peak stress of phenolic modified epoxy. From the view of peak stress, the addition of phenolic increased the mechanical properties of epoxy at room temperature, but weakened the mechanical properties of epoxy at 80 °C and 150 °C.



Figure 7 shows the amplitude of variation of peak stress compared with M0, and Figure 8 shows the percent change of peak stress compared with M0. The amplitude of variation in Figure 7 is the peak stress difference between the observed specimen and M0. At room temperature, phenolic could increase the peak compression stress of epoxy by about 5 MPa and 5%. However, the mechanical properties of epoxy decreased with the increase of phenolic content at 80 °C and 150 °C, and the peak stress of M20 was the lowest. At 80 °C for M20, phenolic decreased the peak stress of epoxy by 21.8 MPa and 29.1%. At 150 °C for M20, phenolic decreased the peak stress of epoxy by 37.4 MPa and 93.1%. Obviously, for the resin matrix, high temperature could magnify the adverse effect of phenolic on epoxy.




3.2. Compressive Properties of Phenolic Modified Epoxy-Based Composites


In order to exemplify the interlayer bond performances, the phenolic modified epoxy based PWLCs were compressed along the in-plane direction at room and high temperatures. PWLCs were formed by carbon fibers. Carbon fibers are insensitive to temperature. So, the influences of temperature on PWLCs’ compressive properties were mainly due to the epoxy matrix and the interface between fiber and epoxy.



Figure 9 shows the compression stress-strain curves of PWLCs. Similarly, the addition of phenolic into epoxy had no significant influence on the shape of stress-strain curve of PWLC. The temperature had a slight influence on the shape of stress-strain curves of PWLC. At room temperature and 80 °C, the compressive stress dropped right after the peak stress, exhibiting obvious brittleness. At 150 °C, the compressive stress dropped gradually after the peak stress which meant the brittleness of PWLC was weakened.



Figure 10 shows the compressive peak stress of phenolic modified PWLC. From the view of peak stress, the addition of phenolic obviously increased the mechanical properties of epoxy-based PWLCs at room temperature, and P10 had the highest peak stress. At 80 °C and 150 °C, the addition of phenolic weakened the compressive properties of epoxy-based PWLCs.



Figure 11 shows the amplitude of variation of peak stress compared with P0. The amplitude of variation in Figure 11 is the peak stress difference between the observed specimen and P0. From the point of amplitude of variation of peak stress, the PWLC’s peak stress had the largest amplitude of variation at 20 °C due to the addition of phenolic. Compared with P0, the peak stress of P10 increased by 75.3 MPa at room temperature, and decreased by 44.6 MPa at 80 °C and 10.5 MPa at 150 °C. In addition, compared with Figure 7, at room temperature and 80 °C, the phenolic influenced epoxy-based PWLCs much more than epoxy matrix.



Figure 12 shows the percent change of peak stress compared with P0. From the point of percent change of peak stress, the addition of phenolic could increase the peak stress of PWLC by over 20% at room temperature but decreased the peak stress of PWLC by 28.6% at 150 °C.



A finite element analysis (FEA) (as shown in Figure 13) was conducted on PWLC at room temperature through a representative volume element to investigate the influences of resin’s properties on the mechanical properties of PWLC. In the FEA, the interaction between fiber and matrix was assumed to be an ideal interface. The mechanical parameters of pure epoxy and phenolic modified epoxy were obtained from Figure 5. The mechanical parameters of carbon fiber are listed in Table 2. The fiber volume fraction within yarn was assumed as 65% [29] and the properties of yarn were deduced by a bridging model [30]. On the condition of an ideal interface, the curves of FEM-0 and FEM-10 were obtained based on pure epoxy M0 and phenolic modified epoxy M10, respectively.



The FEA results showed that the maximum load of FEM-10 was higher than FEM-0 by 5.25%, which was similar to the experimental results of epoxy resin in Figure 8. However, the peak stress of P10 was higher than P0 by over 20% at room temperature based on the experimental results, which meant the phenolic influenced epoxy-based PWLCs more than epoxy resin at room temperature. Phenolic improved the mechanical properties of resin matrix at room temperature and would enhance the interfacial bond properties between fiber and epoxy at the same time.




3.3. TG Analysis


As regards the different influences on epoxy by phenolic at room and high temperatures, TG analyses were performed on M0, M05, M10, M15 and M20. The results (as shown in Figure 14) showed that the phenolic modified epoxy resins presented an earlier loss in weight at around 200 °C. There was no obvious weight decrease for M0 and M05 until 300 °C. This phenomenon may be due to the uncured or unstable micromocules. During the curing process, the addition of phenolic may lead to the formation of micromocules. At room temperature, the adverse influence of the micromocules on resin matrix was limited, whereas the increased intermolecular cross-linking had a greater influence. When in high temperature fields, the micromocules became unstable and may weaken the intermolecular forces and even lead to phase separation at high temperatures. In addition, thermal stress would form around micromocules. The adverse influences of micromocules became larger at high temperatures. All these would decrease the mechanical properties of the phenolic modified epoxy matrix and its composites.





4. Conclusions


This work has investigated the influence of phenolic on epoxy’s mechanical properties at room and high temperatures. At room temperature, the addition of phenolic could increase the compression strength of epoxy resin by 5% through the increase of intermolecular cross-linking. However, at high temperatures, the phenolic did not improve the mechanical properties of epoxy resin and even decreased the compression strength of epoxy resin by 29.1% at 80 °C and 93.1% at 150 °C. With the increase of ambient temperature, the phenolic modified epoxy resin had an earlier loss in weight than unmodified epoxy resin and this adverse effect of phenolic on epoxy became more serious with the increase of phenolic content. Through the research on the compression properties of carbon fiber PWLCs, we found that the phenolic influenced epoxy-based PWLCs’ mechanical properties more than the epoxy matrix, and the phenolic may also enhance the interfacial properties between epoxy and carbon fibers at room temperature.







Author Contributions


Conceptualization, H.W. and W.Z.; methodology, G.Z.; formal analysis, Y.Z. and R.X.; investigation, Y.Z. and Y.X.; writing—original draft preparation, Y.Z.; writing—review and editing, H.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (No. 11802144), Major Program of Basic Science (Natural Science) of Higher Education of Jiangsu Province (No. 21KJA540001), Jiangsu University “Qinglan Project”, Advanced Textile Engineering Technology Center of Jiangsu Province (Nos. XJFZ/2021/1 and XJFZ/2021/8), National College Students’ Innovation and Entrepreneurship Training Program (No. 202110304028Z) and Research Innovation Program for College Graduates of Jiangsu Province (No. KYCX20_2834).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hussian Siyal, S.; Jogi, S.A.; Muhammadi, S.; Laghari, Z.A.; Khichi, S.A.; Naseem, K.; Algarni, T.S.; Alothman, A.; Hussain, S.; Javed, M.S. Mechanical Characteristics and Adhesion of Glass-Kevlar Hybrid Composites by Applying Different Ratios of Epoxy in Lamination. Coatings 2021, 11, 94. [Google Scholar] [CrossRef]

	



Zhou, H.; Liu, H.-Y.; Fu, K.; Yuan, H.; Du, X.; Mai, Y.-W. Numerical Simulation of Failure of Composite Coatings due to Thermal and Hygroscopic Stresses. Coatings 2019, 9, 243. [Google Scholar] [CrossRef]

	



Jin, F.-L.; Li, X.; Park, S.-J. Synthesis and application of epoxy resins: A review. J. Ind. Eng. Chem. 2015, 29, 1–11. [Google Scholar] [CrossRef]

	



Bhargav, M.; Babu, V.S. Experimental investigation of fiber orientation effect on mechanical and erosive wear performance of TiO2 filled woven jute fiber based epoxy composites. Mater. Today Proc. 2021, 44, 2617–2622. [Google Scholar] [CrossRef]

	



Deng, S.; Djukic, L.; Paton, R.; Ye, L. Thermoplastic-epoxy interactions and their potential applications in joining composite structures—A review. Compos. Part A Appl. Sci. Manuf. 2015, 68, 121–132. [Google Scholar] [CrossRef]

	



Kumar, S.; Prasad, L.; Patel, V.K.; Kumar, V.; Kumar, A.; Yadav, A.; Winczek, J. Physical and Mechanical Properties of Natural Leaf Fiber-Reinforced Epoxy Polyester Composites. Polymers 2021, 13, 1369. [Google Scholar] [CrossRef]

	



Uflyand, I.E.; Irzhak, V.I. Recent advances in the study of structure and properties of fiber composites with an epoxy matrix. J. Polym. Res. 2021, 28, 440. [Google Scholar] [CrossRef]

	



Ke, J.; Li, X.; Jiang, S.; Wang, J.; Kang, M.; Li, Q.; Zhao, Y. Critical transition of epoxy resin from brittleness to toughness by incorporating CO2-sourced cyclic carbonate. J. CO2 Util. 2018, 26, 302–313. [Google Scholar] [CrossRef]

	



Zhu, T.; Lu, C.; Lu, X.; Zhi, J.; Song, Y. Curing process optimization and mechanical properties improvement of epoxy resin copolymer modified by epoxy-terminated hyperbranched polyether sulfone. Polymer 2022, 241, 124535. [Google Scholar] [CrossRef]

	



Kim, T.H.; Kim, M.; Lee, W.; Kim, H.-G.; Lim, C.-S.; Seo, B. Synthesis and Characterization of a Polyurethane Phase Separated to Nano Size in an Epoxy Polymer. Coatings 2019, 9, 319. [Google Scholar] [CrossRef]

	



Yung, T.-Y.; Lu, Y.-C.; Chen, J.-S.; Cheng, Y.-W.; Liu, T.-Y.; Chen, P.-T. Reinforcement of Epoxy Resin by Additives of Amine-Functionalized Graphene Nanosheets. Coatings 2021, 11, 35. [Google Scholar] [CrossRef]

	



Cui, M.; Zhang, L.; Lou, P.; Zhang, X.; Han, X.; Zhang, Z.; Zhu, S. Study on thermal degradation mechanism of heat-resistant epoxy resin modified with carboranes. Polym. Degrad. Stab. 2020, 176, 109143. [Google Scholar] [CrossRef]

	



Kim, M., II; Kim, S.; Kim, T.; Lee, D.K.; Seo, B.; Lim, C.-S. Mechanical and Thermal Properties of Epoxy Composites Containing Zirconium Oxide Impregnated Halloysite Nanotubes. Coatings 2017, 7, 231. [Google Scholar] [CrossRef]

	



Kong, X.; Xu, Z.; Guan, L.; Di, M. Study on polyblending epoxy resin adhesive with lignin I-curing temperature. Int. J. Adhes. Adhes. 2014, 48, 75–79. [Google Scholar] [CrossRef]

	



Zeng, D.; Liu, Z.; Zou, L.; Wu, H. Corrosion Resistance of Epoxy Coatings Modified by Bis-Silane Prepolymer on Aluminum Alloy. Coatings 2021, 11, 842. [Google Scholar] [CrossRef]

	



Qin, T.; Zhao, L.; Zhang, J. Fastener effects on mechanical behaviors of double-lap composite joints. Compos. Struct. 2013, 100, 413–423. [Google Scholar] [CrossRef]

	



Khosravani, M.R. Composite Materials Manufacturing Processes. Appl. Mech. Mater. 2011, 110–116, 1361–1367. [Google Scholar] [CrossRef]

	



He, C.; Ge, J.; Zhang, B.; Gao, J.; Zhong, S.; Liu, W.K.; Fang, D. A hierarchical multiscale model for the elastic-plastic damage behavior of 3D braided composites at high temperature. Compos. Sci. Technol. 2020, 196, 108230. [Google Scholar] [CrossRef]

	



Wang, H.; Sun, B.; Gu, B. Coupling effect of temperature and braided angle on compressive behaviors of 3D braided carbon-epoxy composite at low temperature. J. Compos. Mater. 2017, 51, 2531–2547. [Google Scholar] [CrossRef]

	



Zuo, H.-m.; Li, D.-s.; Jiang, L. High Temperature Mechanical Response and Failure Analysis of 3D Five-Directional Braided Composites with Different Braiding Angles. Materials 2019, 12, 3506. [Google Scholar] [CrossRef]

	



Guo, F.-L.; Zhou, Z.-L.; Wu, T.; Hu, J.-M.; Li, Y.-Q.; Huang, P.; Hu, N.; Fu, S.-Y.; Hong, Y. Experimental and multiscale modeling investigations of cryo-thermal cycling effects on the mechanical behaviors of carbon fiber reinforced epoxy composites. Compos. Part B Eng. 2022, 230, 109534. [Google Scholar] [CrossRef]

	



Wu, L.; Maillard, E.; Noels, L. Tensile failure model of carbon fibre in unidirectionally reinforced epoxy composites with mean-field homogenisation. Compos. Struct. 2021, 273, 114270. [Google Scholar] [CrossRef]

	



Balguri, P.K.; Samuel, D.G.H.; Thumu, U. A review on mechanical properties of epoxy nanocomposites. Mater. Today Proc. 2021, 44, 346–355. [Google Scholar] [CrossRef]

	



Liu, N.; Wang, H.; Ma, B.; Xu, B.; Qu, L.; Fang, D.; Yang, Y. Enhancing cryogenic mechanical properties of epoxy resins toughened by biscitraconimide resin. Compos. Sci. Technol. 2022, 220, 109252. [Google Scholar] [CrossRef]

	



Zhu, C.; Liu, M.; Wei, N.; Zhao, J. Molecular dynamics study on mechanical properties of helical graphenes/epoxy nanocomposites. Comput. Mater. Sci. 2022, 209, 111408. [Google Scholar] [CrossRef]

	



Korkmaz, Y.; Gültekin, K. Improvement of structural, thermal and mechanical properties of epoxy composites and bonded joints exposed to water environment by incorporating boron nanoparticles. Int. J. Adhes. Adhes. 2022, 116, 103141. [Google Scholar] [CrossRef]

	



Shen, W.; Zhang, T.; Ge, Y.; Feng, L.; Feng, H.; Li, P. Multifunctional AgO/epoxy nanocomposites with enhanced mechanical, anticorrosion and bactericidal properties. Prog. Org. Coat. 2021, 152, 106130. [Google Scholar] [CrossRef]

	



El Gazzani, S.; Nassiet, V.; Habas, J.-P.; Freydier, C.; Hilleshein, A. High Temperature Epoxy Foam: Optimization of Process Parameters. Polymers 2016, 8, 215. [Google Scholar] [CrossRef]

	



Zhang, J.; Hu, M.; Liu, S.; Wang, L.; Gu, B.; Sun, B. High strain rate compressive behaviors and adiabatic shear band localization of 3-D carbon/epoxy angle-interlock woven composites at different loading directions. Compos. Struct. 2019, 211, 502–521. [Google Scholar] [CrossRef]

	



Huang, Z.-M. Simulation of the mechanical properties of fibrous composites by the bridging micromechanics model. Compos. Part A Appl. Sci. Manuf. 2001, 32, 143–172. [Google Scholar] [CrossRef]








[image: Coatings 12 00643 g001 550] 





Figure 1. Curing process and cured resins. 
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Figure 2. Bubbles in resin with a high proportion of phenolic (Surfaces A and B are indicated in Figure 1). 
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Figure 3. Plain woven laminated composite. 
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Figure 4. Environmental chamber. 
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Figure 5. Stress-strain curves of phenolic modified epoxy. 
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Figure 6. Peak stress of phenolic modified epoxy. 
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Figure 7. Amplitude of variation of peak stress compared with M0. 
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Figure 8. Percent change of peak stress compared with M0. 
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Figure 9. Stress-strain curves of PWLCs. 
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Figure 10. Peak stress of phenolic modified PWLC. 
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Figure 11. Amplitude of variation of peak stress compared with P0. 
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Figure 12. Percent change of peak stress compared with P0. 
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Figure 13. Finite element analysis of PWLC. 
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Figure 14. TG curves of phenolic modified epoxy. 
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Table 1. Types of samples.
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	Symbol of Matrix
	Symbol of Composite
	Weight Ratio of Phenolic to Epoxy





	M0
	P0
	0:10



	M05
	P05
	0.5:9.5



	M10
	P10
	1:9



	M15
	/
	1.5:8.5



	M20
	/
	2:8
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Table 2. Mechanical parameters of carbon fiber.






Table 2. Mechanical parameters of carbon fiber.





	E11 (GPa)
	E22 = E33 (GPa)
	υ12 = υ13 = υ23
	G12 = G13 (GPa)
	Strength (MPa)





	230
	14
	0.25
	9
	4900
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