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The weak interfacial adhesion has significantly affected the durability, long-term reliability, and performance of glass fiber–reinforced epoxy composites. The coating of graphene and carbon nanotubes on the glass fiber can have a positive effect on the strength, toughness, and thermal insulation performance of glass fiber-reinforced composites. However, the strengthening mechanism of carbon nanomaterial coating on the interfacial adhesion between glass fiber and epoxy has not been fully explored. In this work, the effect of graphene and single-walled carbon nanotubes (SWCNTs) on the interfacial properties of the glass fiber–reinforced epoxy has been investigated at atomistic scale. The graphene and SWCNTs are sandwiched between epoxy and silica to study the debonding behavior of the sandwiched structures. It is found that the interfacial energy is significantly improved with the incorporation of graphene and SWCNTs between epoxy and silica, causing an obvious improvement in adhesion stress for graphene coating and in debonding displacement for SWCNT coating. Compared with the epoxy/silica without coatings where the silica and epoxy detach from the contact surface, the sandwiched structures display different failure modes. The sandwiched structure with graphene coating fails at the epoxy matrix close to the interface, exhibiting a cohesive failure mode because of the relatively stronger interfacial interactions. The structures with SWCNTs fail at the interface between silica and SWCNTs, representing an adhesive failure mode due to the interlocking between SWCNTs and polymer chains. This work provides a theoretical guideline to optimize the interface adhesion of coated glass fiber–reinforced epoxy via structure design and surface modification of coating materials.
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INTRODUCTION
Glass fiber–reinforced (GFR) epoxy resin has been widely used as insulating materials, adhesives, electronic packing materials, and matrices for functional composites because of its thermal stability, light weight, superior mechanical properties, excellent resistance to corrosion, and outstanding electrical insulation (Hu et al., 2018; 2018; Zhang et al., 2018). It is well known that the fiber/matrix interface guarantees the stress transfer from the weak matrix to the strong fiber, so the composite performance is largely dependent on the fiber/matrix adhesion (Yao et al., 2018). However, the stress transfer from the matrix to glass fiber (GF) often presents a challenge to exploit the reinforcement role of fibers completely (Ren et al., 2019; Rȳquilȳ et al., 2019; Shin et al., 2017; Zhang et al., 2019). Efficient load transfer by interfacial bond strength of fiber/matrix composite systems is an essential requirement for the development of high-performance GFR composites. Numerous research studies have been devoted to the surface modification of glass fiber, such as plasma treatment, chemical treatment, and electrochemical oxidation and polymerization, to improve the interfacial properties of composites (Yao et al., 2018; Yuan et al., 2018).
It is noteworthy that with the development of nanotechnology and nanoscience, nanocomposites have become an extremely active field of scientific research (Li et al., 2019). With the production and popularity of carbon nanomaterials, graphene and CNTs have attracted significant attention because of their excellent properties (Jamnani et al., 2015); they have been widely applied as the nanoscale reinforcement in the interphase region of composites to improve their interfacial properties (Dewapriya et al., 2019; Park et al., 2019). This is because the coating of CNTs or graphene can cause the interface mechanical interlocking between the fiber and the matrix (Jamnani et al., 2015). For example, it is found that the incorporation of CNT-coated glass fiber contributes to more than 30% improvement in Young’s modulus of the GFR epoxy (Rahaman et al., 2014), and GF with the graphene coating can have an increment of about 30% in fracture strength (Kamar et al., 2015). Although many experimental studies are dedicated to investigating the effect of carbon nanomaterial coating on mechanical properties of GFR epoxy, inherent mechanisms on the improvements and failures of such nanocomposites from an atomistic scale are still not identified due to the limitation on the study of dynamics at nanoscale by experimental approach.
Molecular dynamics (MD) simulations have been widely adopted to investigate physical behaviors of materials on the atomistic scale and allow an in-depth study of the interaction of molecules while controlling experimental variables (Hao et al., 2020a; Hao et al., 2017; Hao et al., 2018). MD simulations have become a powerful approach for exploring the dynamical processes of conformational changes and predicting mechanical properties, quantifying their relationship (Hao et al., 2020b; Hao et al., 2019). For example, the effect of CNT features including the CNT radii, axial direction, and the concentration on the interfacial adhesion between graphene and epoxy have been successfully analyzed by MD simulations (Sun et al., 2019). It is found that the epoxy resin incorporated with parallel multilayer graphene exhibits cohesive yield with strain localization and nano-void formation within the bulk polymer, while epoxy incorporated with graphene sheets oriented normal to the interface exhibits adhesive failure at the interface, leading to a more brittle behavior and steeper post-yield softening (Li et al., 2012). The details of surface modification on the structural evolution of the interface during deformation can be depicted, and the reason for the variation in the interfacial properties can be figured out by MD simulations.
The objective of this work is to investigate the effect of graphene and SWCNTs coating on the interfacial properties of GFR epoxy at atomistic scale, revealing the variation in the failure behavior and figuring out the underlying reason for the enhanced mechanical properties of GFR composites with carbon nanocomposites coated on GF. As silica is the major composite and accounts for more than half of the weight fraction in commercial S-glass fiber, the silica structure is employed to represent glass fiber in this work. The graphene and SWCNTs are sandwiched between epoxy and silica with the construction of the sandwiched structures. The interfacial debonding behavior of the sandwiched structures is analyzed by using the steered molecular dynamics simulations. The thickness of graphene and the length of SWCNTs are varied to study their effect on the interfacial properties. The snapshots of conformational changes are captured to figure out the reason for the variation in the interfacial properties with different coatings. Finally, the enhanced mechanism behind them is discussed.
Computational Details
The atomistic simulations start with the construction of full-atomistic models of crosslinked epoxy and silica in Accelrys Materials Studio (Accelrys Software Inc.: Materials Studio 2007). The MD simulations for computing the interfacial properties are performed using large-scale atomic/molecular massively parallel simulator (LAMMPS) (Plimpton, 1995). The conventional polymer consistent forcefield (PCFF) is chosen as it can predict the structural, conformational, and vibrational properties of a broad range of molecules in condensed phases and also has an experimentally comparable precision in predicting molecular properties in condensed phases (Fan et al., 2007; Pramanik et al., 2018). This potential has been successfully applied in the simulations of a wide range of organic and inorganic materials including silica and epoxy resin. In this work, PCFF is used to crosslink epoxy resin and to describe the interactions between crosslinked epoxy and silica, as well as interactions between epoxy and carbon nanomaterials such as SWCNTs and graphene. The details of the model construction and simulation procedures are presented.
Atomistic Simulations
In this study, the high-performance epoxy resin diglycidyl ether of bisphenol A (DGEBA) crosslinked with curing agent 4,4′-diaminodiphenyl sulphone (44DDS) is selected as the representative because of its relative high properties and widely commercial applications (Mohan, 2013; Moller et al., 2020). The molecular structures of DGEBA and 44DDS and the details of the crosslinking process are shown in Figure 1. The first step of crosslinking is that the C-O-C bond in epoxide groups is broken with the formation of a reactive CH2 site. The hydroxyl groups are attached at the activated CH2 site so that the condensation polymerization can occur between DGEBA and 44DDS. The stoichiometric mixing ratio of DGEBA to 44DDS is 2:1 with 400 monomers of DGEBA and 200 monomers of 44DDS. A cubic primitive cell with a length of 6.4 nm is constructed. The energy of the system are minimized using the conjugate gradient method and then equilibrated at 300 K in the canonical (NVT) ensemble for 1 ns, followed by another 1 ns of equilibration in the isothermal-isobaric (NPT) ensemble at 300 K and 1 atm. Subsequently, the equilibrated system is heated to 400 K for crosslinking. The condensation reaction occurs between the hydroxyl groups at the end of DGEBA and hydrogens in amine groups of 44DDS at 400 K. Following this, the condensation polymerization occurs between unreacted hydroxyl groups in opened epoxide group of the DGEBA monomer with the formation of epoxide group. The system is finally cooled down to 300 K for equilibration in NPT ensemble at 1 atm. After equilibration, the obtained crosslinked structure with a crosslinking degree of 85% is served as the initial structure of epoxy resin with a size of 6.4 nm × 6.4 nm × 6.4 nm. The density of the crosslinked epoxy is about 1.14 g/cm3, located in the range from 1.1 g/cm3 to 1.4 g/cm3, tested by experiments. The glass transition temperature of crosslinked epoxy and Young’s modulus are 489 K and 4.4 GPa, respectively. These are consistent with the experimental results and other computational results (Amariutei et al., 2018; Fu et al., 2019; Jin et al., 2020; Xie et al., 2018).
[image: Figure 1]FIGURE 1 | (A) Crosslinked epoxy resin with a size of 6.4 × 6.4 × 6.4 nm; (B) molecular structures of diglycidyl ether of bisphenol A (DGEBA) and curing agent 4,4′-diaminodiphenyl sulphone (44DDS); (C) steps for crosslinking where epoxide groups in DGEBA are activated and react with amine groups in 44DDS.
The silica structure is obtained by heating the crystalline β-cristobalite to high temperature for melting and then cooling down to room temperature (Leroch et al., 2012). Specifically, the β-cristobalite has a lattice constant of 7.16 Å with an oxygen-to-silicon ratio of 2:1, as shown in Figure 2A. The crystalline β-cristobalite system is cleaved on the (001) plane. The dangling oxygen atoms on the (001) surface are all saturated by the hydrogen atoms and dangling silicon atoms are saturated by hydroxyl groups, as shown in Figure 2B. The silica is first equilibrated at 300 K in the NVT ensemble for 1 ns and then equilibrated in the NPT ensemble at 300 K and 1 atm for another 1 ns with a periodic boundary condition applied to three directions. The equilibrated system is then heated to 5,000 K for 1 ns for melting in the NPT ensemble. Following this, the silica is cooled down to 300 K at a rate of 5 K/ps for equilibration. The density of constructed silica with a size of 6.4 nm × 6.4 nm × 2.4 nm is about 2.18 g/cm3, close to the experimental data (Shrivastava, 2018).
[image: Figure 2]FIGURE 2 | (A) Lattice unit of β-cristobalite as the initial structure of silica; (B) equilibrated silica structure with the surface covered by hydroxyl groups; equilibrated sandwiched systems coated by (C) graphene with four layers and (D) SWCNTs with a length of around 1.3 nm. The end of SWCNTs is saturated with carboxyl groups.
The cross-section areas of the aforementioned coating materials on the surface of silica including multi-layers of the graphene sheet and SWCNTs consisting of electrically neutral atoms are equal to the area of epoxy and silica. The carbon–carbon bond length in SWCNTs and graphene is 1.41 Å. The initial interlayer separation between individual graphene layers is 3.4 Å. The SWCNTs are of the (6,6) type with a diameter of 8.1 Å, and the end of SWCNTs are functionalized with carboxyl groups. The SWCNTs are vertically aligned on the surface of silica based on the experimental results (Rahaman et al., 2014; Rahmanian et al., 2013).
The silica is adhesive to the epoxy substrate with and without coating through the energy minimization and equilibration process. The equilibration of the epoxy/silica and the epoxy/coating/silica systems are performed at 300 K in the NVT ensemble for 1 ns, followed by another 1 ns under 300 K and 1 atm. The interlayer separation is initially selected to be 5 Å, which is subsequently adjusted by the repulsive and attractive forces at the interface. The root mean square displacement (RMSD) is checked, and it stays constant at the end of 500 ps, which indicates that the system is in an equilibrated state. In order to investigate the influence of the thickness of the graphene and length of SWCNTs coated on the interfacial properties between epoxy and silica, the number of graphene sheets is increased from one to four and the length of SWCNTs ranges from 1.3 nm (close to the thickness of four-layer graphene) to 6.3 nm. The shortest length of SWCNTs is for comparison with the result of graphene coating, and the longest length is close to the length of the interface surface. The examples of the equilibrated sandwiched structure coated with graphene and SWCNTs are shown in Figures 2C,D, respectively.
Steered Molecular Dynamics Method
The steered molecular dynamics (SMD) developed based on MD is a powerful tool to investigate conformational dynamics at the interfacial domain (Sun et al., 2021). The method has been widely applied to examine the interface characteristics of various systems. In SMD simulations, the center-of-mass for epoxy and silica is attached by a virtual spring. The atoms are displaced by applying a constant velocity (v) to them; a restoring force is applied to atoms and the magnitude of the force is related to the spring constant (k). The epoxy and silica are debonded along the z direction under an equivalent opposite force perpendicular to the interface. The virtual spring force is determined by the following (Sun et al., 2021):
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where t is the time; n is a unit vector for the direction of pulling; R(t) and R0 are the current and the initial displacements between the center-of-mass of epoxy and silica, respectively. U and F are the potential energy and virtual spring force, respectively. In this work, the pulling test is performed with a spring constant k of 100 kcal/(mol⋅Å2) and a velocity v of 1 Å/ps. The pulling force F measured by the displacement between the center-of-mass of epoxy and silica is collected every 0.1 fs, and then the adhesion stress is calculated by the following:
[image: image]
where Fmax is the maximum value of the virtual spring force for debonding, and A is the interface area which is about 6.4 nm × 6.4 nm. As the free energy change is equal to the work done on the system in a reversible isothermal process and therefore equal to the integral of an externally applied force over the coordinate, the free energy of the system changed along with the pulling displacement can be quantified. During SMD simulations, the potential of mean force (PMF) is simply another term for a free energy profile along the pulling displacement. Five independent simulations are conducted for debonding between epoxy and silica for all cases, and the averaged value is quantified. The conformational changes of the interface are captured with OVITO.
RESULTS AND DISCUSSION
Interfacial Properties of the Epoxy/Silica System Without Coating
A virtual spring imposed on the center-of-mass between epoxy and silica moves separately for debonding, as shown in Figure 3A. The pulling displacement d is valued by the distance of center-of-mass between epoxy and silica. The pulling force F and PMF profile of the epoxy/silica system without coating as a function of pulling displacement d are shown in Figure 3B and C. According to the force profile, the debonding process can be divided into three stages. The force first increases rapidly to the maximum value (Fmax), followed by a sudden drop to around zero indicating the epoxy and silica completely debonded. The PMF reaches the local maxima when the force reduces to about zero. To better understand the variation of F and PMF during the debonding process, the interfacial energy (Einter) as a function of d is shown in Figure 3D. The interfacial interaction is reduced to zero at the end of the second stage also indicating the complete debonding between epoxy and silica. The conformational change at different stages is shown in Figure 3E. The detachment between polymer chains of epoxy and silica first occurs at the edge of the contact surface and propagates into the inner. The epoxy/silica system exhibits an adhesive failure mode.
[image: Figure 3]FIGURE 3 | (A) Schematic diagram for interfacial debonding of epoxy/silica systems by SMD simulations. (B) Force curve as a function of displacement d. The force curve is divided into three stages: rapid increment to the maximum value, decrease to about zero, and fluctuation around zero. (C) PMF curve as a function of d where the PMF reaches the local maxima at the end of stage II. (D) Interfacial energy change as a function of d. The interfacial interaction is reduced to zero at the end of stage II, indicating the complete debonding between epoxy and silica. (E) Conformational change of the interfacial structure during pulling. The debonding first occurs at the edge of the surface and propagates into the inner. The interface fails at the contact surface between epoxy and silica.
Effect of Coating on the Interfacial Properties
The pulling force F profile and the PMF as a function of pulling displacement d for the sandwiched system with different layers of graphene are shown in Figures 4. The corresponding adhesion stress is shown in Table 1. It is clear that the sandwiched structure with one layer of graphene almost has a similar Fmax to that of the system without graphene. The Fmax is significantly increased and almost converges to a constant value when the number of the graphene sheet is larger than two. Compared with the epoxy/silica system without graphene, the displacement at the point of Fmax is increased with the increment of graphene layers. The multilayers of graphene coating have an improvement in the adhesive stress between epoxy and silica and the pulling displacement.
[image: Figure 4]FIGURE 4 | (A) Pulling force curves of the sandwiched systems with different layers of graphene. Different from the force curves without coating, these curves can be divided into five stages. When the force first reduces to the local minima, it follows by a small increment before decreasing to about zero. This small fluctuation is caused by the constraint release of the debonding between epoxy and graphene. (B) Corresponding PMF curves. The PMF reaches the local maxima when the force reduces to zero.
TABLE 1 | Interfacial properties of different structures, including the maximum pulling force (Fmax), the adhesion stress (σ), and the corresponding displacement d0 at the point of Fmax.
[image: Table 1]Different from the force profile of the epoxy/silica system without coating, the force profile of the sandwiched systems with graphene coating can be divided into five stages. This is because, with the incorporation of graphene, there are two interfaces in the sandwiched structures. The variation of interfacial energy during the pulling process in the representative sandwiched structure with four layers of graphene is shown in Figures 5A and B, and the corresponding snapshots are shown in Figure 5C. The interaction between epoxy and graphene is reduced and converges to almost a stable value when the structure fails. The interaction between silica and graphene is reduced at the first stage but then increased with fluctuation at the second stage. This increment in the interfacial interaction is correlated with the constraint release. At this stage, the polymer chains of epoxy are debonded from the graphene as shown in Figure 5C, resulting in the constraint of graphene decreased. The constraint release promotes an improved interaction between graphene and silica. The increased interaction converges to a stable value from the third stage as the constraint effect can be negligible. When the sandwiched system with graphene coating fails, both the interfacial interactions keep a stable value. The interaction between graphene and epoxy still exists after the interface complete debonding. This means the failure of the graphene-coated silica/epoxy system occurs at the epoxy close to the interface instead of at the contact surface.
[image: Figure 5]FIGURE 5 | (A) Interfacial energy variation between epoxy and graphene during pulling for the sandwiched structure with four layers of graphene coating. EE-G refers to the interfacial energy between epoxy and graphene. (B) Interfacial energy variation between silica and graphene. ES-G refers to the interfacial energy between silica and graphene. (C) Interfacial structural evolution. The detachment first occurs at the edge of epoxy close to the interface. The detachment propagates into the inner and finally causes the debonding within the epoxy close to the interface.
The effect of SWCNTs on the adhesive stress is also shown in Table 1. It is found that when the silica is coated with short SWCNTs (∼1.3 nm), the adhesive stress is reduced. The longer the SWCNTs is, the higher the adhesive stress is. Similar to that of the sandwiched system with graphene coating, the pulling force curves can be divided into five stages. The pulling force profile and the conformational change in the representative system with the SWCNT length of 6.3 nm are shown in Figure 6. Some SWCNTs are first debonded from epoxy after the force reaches the first maxima, and then partial SWCNTs are debonded from silica with the force decreased to the local minima. The interfacial interactions between epoxy and SWCNTs and between silica and SWCNTs are reduced. The constraint release caused by the debonding between partial SWCNTs and silica leads to the structural rearrangement between silica and SWCNTs, causing an increment in the interfacial interaction between silica and SWCNTs. More force is required for the complete debonding between epoxy and silica. The displacement at the point of the second maxima of force is obviously higher than that in the structures with and without graphene coating. Finally, the interaction between silica and SWCNTs is reduced to around zero, while the interfacial interaction between epoxy and SWCNTs is stable. This means that the failure location of the interface in the sandwiched structures with SWCNTs coating is at the interface between silica and SWCNTs. The incorporation of SWCNTs restricts the movement of the molecular chain of the epoxy resin and also sets up bridging between the silica and the polymer matrix. This contributes to a significant improvement of the pulling displacement when the interface is completely debonded.
[image: Figure 6]FIGURE 6 | (A) Pulling force curve of the sandwiched structure with SWCNT coating. The length of SWCNTs is about 6.3 nm. After force is first reduced to the local minima (d = 6.19 Å), there is a rapid increment. This is because of the mechanical interlocking caused by SWCNTs. (B) Variation of interfacial energy between epoxy and SWCNTs. EE-CNT refers to the interfacial energy between epoxy and SWCNTs. (C) Variation of interfacial energy between silica and SWCNTs. ES-CNT refers to the interfacial energy between silica and SWCNTs. (D) Structural evolution of the interface in the sandwiched system. The interface fails at the point of force close to zero (d = 14.23 Å).
Mechanism of Interfacial Adhesion Caused by Carbon Nanomaterial Coating
The mechanism of interfacial failure is varied when the carbon nanomaterials are coated on GF. First, the interfacial interactions are significantly improved with the incorporation of carbon nanomaterial on the surface of glass fiber. The interfacial energy of the equilibrated epoxy/silica structure is much lower than the interfacial energy in the sandwiched structures with graphene and CNT coatings indicating that the corporation of carbon nanomaterials can enhance the interfacial bonding energy. By comparing the role of graphene and SWCNTs on interfacial properties between epoxy and silica during debonding process, it is found that the graphene coating mainly contributes to the improvement of the adhesive stress, and SWCNTs can significantly enhance the pulling displacement before interface failure. The sandwiched structures with graphene and SWCNTs coatings represent different failure mechanisms, as shown in Figure 7. More specifically, the sandwiched structures with graphene coatings fail in the epoxy close to the interface, exhibiting a cohesive failure mode. However, for the sandwiched structure with SWCNTs, it fails at the interface between silica and SWCNTs, representing an adhesive failure mode. The interfacial interaction between silica and graphene is more stable than that between silica and SWCNTs at the initial equilibrated state because of ES-G < ES-CNT. This indicates, compared with GFR composites with SWCNTs coating, the failure of graphene-coated GFR epoxy is more likely to occur at the interface close to epoxy. Moreover, as the interlocking effect, partial SWCNTs can be still bonded to the polymer matrix whereas the van der Waals interactions that govern the interactions between SWCNTs and silica disappear with the increased pulling displacement. So, there is a relatively stronger interaction between graphene and silica in the graphene-coated silica/epoxy system and stronger interaction between epoxy and SWCNTs in CNT-coated silica/epoxy. A combined coating of graphene and CNTs can have a more effective role in improving the interfacial properties of GFR epoxy composites.
[image: Figure 7]FIGURE 7 | Mechanism of interface failure for the sandwiched structures with (A) graphene coating. The debonding initiates from the edge of epoxy close to the interface and propagates into the inner of epoxy. The graphene-coated GFR epoxy exhibits a cohesive failure mode. (B) CNTs coating. Although the debonding initiates between epoxy and CNTs, the interlocking between epoxy and CNTs prevents the further motion of polymer chains, resulting in that failure which occurs at the interface between silica and CNTs. The CNT-coated GFR epoxy displays an adhesive failure mode.
Our findings are comparable with experimental results and exhibit similar failure modes for different coatings. For example, it is found that the adhesion strength is improved with the graphene oxide coated on the GF and the failure of composites is at the graphene oxide/epoxy rather than at the graphene oxide/GF interface (Mahmood et al., 2016). During the pull-out test of a single CNT-coated fiber from the polymer matrix, the surface of the fiber is clean and completely devoid of traces of either CNTs or polymer, indicating the failure occurs at the interface between fiber and CNTs (Agnihotri et al., 2011; Agnihotri et al., 2012). Experiments have also revealed that graphene has a better effect on the improvement of interfacial strength than CNTs (Zeng et al., 2018). The combined effect of carbon nanomaterials on the interfacial properties has also been investigated (Hua et al., 2017). The interfacial bond strength of GFR composite with the graphene oxide and CNT hybrid coating layer is much higher than that with only CNT coating or graphene oxide coating. The graphene and CNTs can significantly affect the interfacial failure mechanism which is consistent with our simulation findings. However, the interfacial properties such as the maximum pulling force and the adhesion stress predicted in our work are much higher than that tested by experiments. This is because the presence of CNT agglomerates and stacked graphene deteriorates their strengthened role, which are not considered in our work. Additionally, our studies provide a guideline for the structure design of graphene and CNTs to optimize the mechanical properties of coated GFR composites. As the single component, graphene and CNTs have certain limited improvement; nowadays, the surface modification of graphene and CNTs hybrid has attracted tremendous interest for the optimum properties of composites. The revealed interfacial failure mechanism in this work can lay a theoretical foundation for optimal performance of carbon nanomaterial-coated GFR composites.
CONCLUSION
In this work, the interfacial behavior of the carbon nanomaterial–coated GFR epoxy has been studied, and steered molecular dynamics simulations have been conducted to explore the mechanism of interfacial failure with and without coatings on GF. The effect of the thickness of graphene and the length of SWCNTs on the interfacial properties such as the force for debonding, the corresponding displacement, and the adhesion stress has been investigated. Several interesting findings are revealed below.
1) The adhesion stress of the sandwiched structures with graphene coatings is increased with the increment of graphene layers. The positive effect on the adhesion stress is similar when the thickness of graphene is more than two layers, whereas the pulling displacement for debonding is significantly increased with the increment of graphene thickness. Graphene has a better effect on improving the adhesion stress compared with SWCNTs.
2) Both the adhesion stress and the corresponding displacement is increased with the increment of SWCNT length. Compared with the graphene coating, SWCNTs have a more obvious enhancement effect on the displacement for debonding.
3) The sandwiched structures with graphene coatings fail in the epoxy close to the interface, representing a cohesive failure mode; while the structures with SWCNTs fail at the contact surface between silica and SWCNTs, displaying an adhesion failure mode.
4) As the interfacial interaction between epoxy and SWCNTs is comparable to that between SWCNTs and silica, the mechanical interlocking of SWCNTs restricts the movement of the molecular chain of the epoxy resin, causing the force response and the interfacial failure mode of the SWCNTs coated silica/epoxy systems during pulling different from those of the graphene coated systems.
As a summary, this work reveals the mechanism of interfacial failure with different carbon nanomaterials coated on GF. The underlying reason for the improvement in the interfacial adhesion of graphene- and CNT-coated GFR epoxy composites is understood. Our findings enable us to figure out the different mechanical responses of graphene- or CNT-coated GFR polymer composites. The revealed interfacial failure mechanism in this work can lay a theoretical foundation for structure design and the surface modification of carbon nanomaterial coatings incorporated in GFR composites.
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