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Abstract

:

The effect of plant-fiber paper or silver nanowires-loaded paper interleaves on the electrical conductivity and interlaminar fracture toughness of composites was studied. Highly conductive paper was prepared by surface-loaded silver nanowires. The percolation threshold appeared at about 0.4 g/m2. The surface resistivity reached 2.3 Ω/sq when the areal density of silver nanowires was 0.95 g/m2. After interleaving the conductive papers in the composite interlayers, in-plane electrical conductivity perpendicular to the fiber direction was increased by 171 times and conductivity through thickness direction was increased by 2.81 times. However, Mode I and Mode II interlaminar fracture toughness decreased by 67.3% and 66.9%, respectively. Microscopic analysis showed that the improvement of conductivity was attributable to the formation of an electrical conducting network of silver nanowires which played a role in electrical connection of carbon fiber plies and the interleaving layers. However, the density of the highly packed flat plant fibers impeded the infiltration of resin. The parallel distribution of flat fibers to the carbon plies, and poor resin-fiber interface made the interlaminar fracture occur mainly at the interface of plant fibers and resin inside the interleaves, resulting in a decline of the interlaminar fracture toughness. The surface-loading of silver nanowires further impeded the infiltration of resin in the densely packed plant fibers, resulting in further decline of the fracture toughness.
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1. Introduction


Continuous carbon fiber-reinforced resin matrix composites are usually made of continuous carbon fibers as the reinforcement and thermosetting resin as the matrix. Specifically because of their high strength and modulus, these materials are widely used in aerospace and attract an increasing amount of attention in many fields [1]. On the other hand, going green and going functional are the two major themes in material development in the world. To develop greener composites, an increasing number of researchers are focused on the 'greening' of raw materials such as developing bio-based epoxy resin matrix and applying natural fibers as the reinforcement [2,3,4]. To develop functional composites while maintaining their performance, many studies focus on the application of nanomaterials, for instance by improving the conductivity of composites for lightning-strike protection and electromagnetic shielding [5,6,7].



One of the most effective ways to improve the impact resistance of composites is through interleaving technology. Currently, interleaving materials generally use thermoplastic resin particles, thin films and non-woven fabrics [8,9,10,11]. Among these materials, tough and high-strength fibers such as nylon fiber, aramid fiber, carbon nanofiber and their non-wovens are attracting more attention [9,12,13,14]. By introducing micro- and nano-structures into the interlays, new crack propagation mechanisms were introduced to improve the areal density of energy dissipation, thus the interlaminar fracture toughness of the composites was remarkably improved. However, the structures of the interleaves strongly affect the interlaminar toughness of the composite. Palazzetti et al. studied the effects of thickness, orientation and diameter of electrospun nylon6,6 veils on the Mode I (GIC) and Mode II (GIIC) interlaminar fracture toughness of composites [15]. Ramirez et al. studied the interlaminar fracture toughness of composites interleaved with PPS and PEEK veils of different areal densities, linear densities and fiber diameters. They found that GIC and GIIC were increased with the mean coverage, but the polymer types showed nearly no effect [16]. Heijden et al. studied the toughening properties of polycaprolactone interleaves with different non-porous and porous structures. They found the polycaprolactone thin layer of nanofibers had the best performance [17]. KuWata et al. studied the toughening properties of five interleaf veils formed by carbon fibers, polyester fibers, and polyamide fibers and their mixtures [18,19]. Beckermann et al. found that the most important factors of the interleaf layers were the polymer types and areal densities [20]. Daelemans et al. found the orientation of veil fibers strongly affected toughening performance of veils. The laminate interleaved with veils with random fiber orientation had the highest interlaminar fracture toughness [21]. All these studies revealed that the material property, fiber diameter, areal densities, fiber orientation and other structural factors of the interleaved layer showed large or small effect on the toughening performance related to the composite material systems. However, although many studies have been done, the interlayer toughening mechanism is still not thoroughly understood [22].



Combined with the interleaving technology, a functionalized interlayer technology was developed in our previous researches which can simultaneously and effectively improve the interlaminar fracture toughness and the electrical conductivity of composites [23,24]. The principle was constructing an electrical conducting–toughening double functions network in the interlays of composites by interleaving thin sheet formed of micron-sized nylon network and nano-sized silver nanowires network. The loaded highly conductive silver nanowires showed no negative influences on the toughening mechanism, thus the toughness performance of the interleave was well kept. Aside from in our work, the nano-hybrid of interleaf has attracted much attention elsewhere in recent years. Eskizeybek et al. used electrospinning carbon nanotube-polyacrylonitrile (CNT-PAN) hybrid nanofibrous mat as the interleaf to toughening composite. The GIC of the composite was much higher than that interleaved with neat PAN nanofibrous mat [25]. Zhou et al. used hierarchical CNT-short carbon fiber interleaves to improve the GIC of composite [26]. Zheng et al. used carbon nanotubes/polysulfone nanofiber prepared by vacuum filtration as the toughening interleaf [27]. Lee et al. used CNT-enhanced nonwoven carbon tissue as the interleaf and found a significant improvement of GIIC [28]. Although the functions of the materials in these references were not studied, the multi-scale toughening mechanism of different material systems was interesting and still needed to be further explored.



The above also indicates most current research is focused on tough and high-strength artificial fibers. However, although many plant fibers have good mechanical properties and have been used as reinforced fibers [29], the use of plant fibers or papers as interleaving materials to modify composites is rarely reported. Moreover, different from the circular shaped artificial fibers reported before, plant fibers have extremely complex structures, with most of them containing two walls and lumens [30]. Study of the effect of different structures and materials of plant-fiber interleaves can give us a deeper understanding of the interlaminar failure mechanism of composites. The nano-scale effect on the toughening mechanism and the function integration of the composite using nano hybridized plant-fiber interleaf are also interesting.



In this paper, a conductive plant fiber paper was prepared through solution immersion method. Using the papers and conductive papers as the interleaving materials, the interlaminar fracture toughness and conductivity of the modified composites was studied, and the influence mechanism of the multi-scale structures on the interlaminar properties is discussed.




2. Materials and Methods


2.1. Materials


In this study, papers used as interleaves were a kind of thin layer formed by plant fibers, with the main component being cellulose. The thickness of the paper was 16~18 μm. The surface density was 11.26 g/m2. Silver nanowires (AgNWs) were purchased from Beijing NaHui Technology and Trade Co., Ltd. (Beijing, China). The diameter of the silver nanowire was about 40 nm. The length was between 30 μm and 50 μm. The silver nanowires were dispersed in isopropyl alcohol in a concentration of 5 mg/mL. The unidirectional carbon fiber fabric used in this study was U3160 (CCF 300, 3K, areal density: 160 g/m2). The thickness of a single ply was 0.166 mm. The average diameter of the carbon fiber was 7.2 ± 0.3 μm. An aero-grade RTM (resin transfer molding) epoxy resin under the brand 3226, which is a product of AVIC Composites Technology Co., Ltd. (Beijing, China) was chosen as the matrix resin. All other auxiliary materials were purchased from commercial sources.




2.2. Preparation of the Conductive Papers and the Composite Laminates


Figure 1 illustrates the preparation process of the conductive papers, composite laminates, and test samples. First, the conductive paper was prepared by immersion method. Then the unidirectional carbon plies were stacked into preforms with one sheet of plain or conductive paper inserted as the interleaf in each interlayer. Finally, the required composites were injected with epoxy resin 3226 and cured at the given RTM molding condition of U3160/3226 composite. The test specimens were prepared according to the corresponding test standards.



To prepare the conductive papers, the plain papers were immersed into the slurry of AgNWs dispersed by isopropanol. After immersion for 5 s at room temperature, the papers were removed from the slurry and dried at room temperature. The conductive papers of different AgNWs areal densities can be obtained by controlling the immersion times. The conductive paper used in this study had an AgNWs areal density of 0.95 g/m2 obtained by performing the immersing and drying process twice.



The composite laminates prepared for the conductivity test and interlaminar fracture toughness test were unidirectional with the preform stacked sequence of [0]24 according to specimens for testing (Figure 2). Here [0]24 means total 24 carbon fiber plies were stacked with all the fibers oriented at 0° direction. Each interlayer of the preform was interleaved with one plain paper or conductive paper. To prepare the samples for GIC and GIC tests, a 25 μm thick polytetrafluoroethylene (PTFE) film was inserted into the middle plane of the preform to prefabricate the cracks with controlled length. After being prepared, the preforms were injected with 3226 epoxy resin and cured according to the standard RTM method of U3160/3226 composite. After cooling, the composite laminates were released from the mold, and then the samples were machined according to the test standards.




2.3. Measurement of Mode I and II Fracture Toughness


The characterization method of fracture toughness and conductivity was the same as our previous paper [23]. The specimen geometry is given in Figure 2a. Mode I fracture toughness tests were carried out according to the Chinese Aviation Industry Standard HB 7402-96 using double cantilever beam (DCB) specimens. The specimens had a width of 25 mm and a length of 180 mm. A pre-crack with a length of 50 mm was made by inserting a PTFE film in the midplane. To make a fresh pre-crack, an initial loading was applied to the specimen before testing. The growing length of the fresh pre-crack was controlled to around 20 mm. The specimen was then reloaded, and the loading was stopped after an increment of a delamination crack growth of 10 mm. The process was carried out five times. Three specimens were tested for each sample. GIC was calculated from Equation (1).


    G  IC   =   m P δ   2 W a   ×   10  3    



(1)




where:




	
GIC = Mode I interlaminar fracture toughness, J/m2



	
m = coefficient



	
P = load, N



	
δ = load point displacement, mm



	
W = specimen width, mm



	
a = delamination length, mm.








Mode II fracture toughness tests were performed according to the Chinese Aviation Industry Standard HB 7403-96. The specimens had a width of 25 mm and a length of 180 mm. The length of pre-crack made by a PTFE film was 40 mm. To make a fresh pre-crack, an initial loading was applied to the specimen before testing first. The growth of delamination crack was about 5 mm. The specimen was then also reloaded. Five specimens were tested. GIIC was calculated from Equation (2). A difference is that the crack growth of the GIC test was stable, while the growth of the GIIC test was unstable and faster propagated.


    G  IIC   =   9 P δ  a 2    2 W ( 2  L 3  + 3  a 3  )   ×   10  3    



(2)




where:




	
GIIC = Mode II interlaminar fracture toughness, J/m2



	
P = load, N



	
δ = load point displacement, mm



	
a = delamination length, mm



	
W = specimen width, mm



	
2L = support span, mm.









2.4. Measurement of Conductivity


The AgNWs-loaded papers used for the surface resistivity test were 100 mm wide and 100 mm long. The two opposite edges of the paper were silver-painted and then dried. When testing, copper plates were tightly pressed on the silver-painted edges as electrodes. The surface resistivity (Rs) was calculated from the test resistance (R) by Equation (3). The volume resistivity (Rv) was calculated by Equation (4).




Rs = R × width/length



(3)






Rv = R × width × thickness/length



(4)





Three main directions of the composite for the conductivity test were defined in Figure 2b since most fiber materials had their orientation [31]. The in-plain volume conductivity along the fiber direction (x direction) and perpendicular to the fiber direction (y direction) of the carbon composite laminate was tested on the samples 10 mm wide and 100 mm long. The volume conductivity through-thickness direction (z direction) was measured on the samples 5 mm square. For each orientation five samples were tested. The two opposite surfaces of the composite specimens were silver-painted and dried before test. When testing, two copper plates were tightly pressed on the silver-painted surface as electrodes. The volume resistivity and conductivity (σ) was calculated by Equations (4) and (5) respectively.




σ = 1/Rv



(5)






2.5. Characterization of Morphology


Scanning electron microscopy (SEM) images were obtained using a Hitachi S-4800 SEM (Hitachi, Ltd., Tokyo, Japan). All samples for SEM test were coated with a gold layer before the test. The photographs were taken using a smart phone. The optical micrographs were obtained by an Olympus SZ61 optical microscope (Olympus Corporation, Tokyo, Japan).





3. Results


3.1. Preparation of the Conductive Paper


Figure 3 gives the SEM images of the paper. The paper had a thickness of 16~18 μm and areal density of 11.26 g/m2. The paper was formed from a large number of plant fibers overlapping each other. The plant fibers were flat-like and their widths were between 20 μm and 40 μm. A large number of throughout-thickness holes uncovered with fibers existed in the paper because areal density of the paper was small. Figure 3c,d give the cross section of the plant fibers. The plant fiber was hollow with a single wall. The wall thickness was about 1.5 μm. Due to the paper production process involved the extrusion process, all the plant fibers were flattened. Two typical shapes of the flattened fibers are given in Figure 3c,d. The fiber thickness was about 3~5 μm. Figure 3e gives the cross section of the plant fibers embedded in the epoxy resin. It also shows that the thickness of the fiber wall was about 1.5 μm. Some of the plant fibers which were not completely flattened had a larger apparent thickness and epoxy resin was filled into the hollow cores. For those plant fibers completely flattened, the two walls were tightly contacting each other. As seen from Figure 3e, the flattened fibers overlapped each other and the resin had difficulty penetrating their gaps. In addition, the interface bonding between fiber and resin was obviously separated, indicating that interface adhesion was poor.



The conductive paper was obtained by surface-loading AgNWs on the paper using an immersion method which is widely used to prepare functional thin sheets or porous materials such as conductive films, non-woven fabrics, and foams etc. [24,32,33]. Generally, the thin sheet was dipped into the slurry of nanomaterials to absorb a certain amount of dispersive liquid. After being dried, the surface of the thin sheet was covered with a layer of nanomaterials and thus it was functionalized. After being loaded with AgNWs, the color of the paper changed from white to silver gray. However, the AgNWs were only adsorbed on the fiber surface and could be easily removed by ultrasonic treatments. Figure 4a gives the areal density of AgNWs changing with the dipped time. It indicates the areal density was linearly increased with the increase of immersion time. Figure 4b gives the surface resistivity of the paper changed with the areal density of AgNWs. Before being loaded with AgNWs, the paper was obviously electrical insulation material. However, after being loaded with AgNWs, the paper became conductive and its conductivity was gradually increased with the increase of AgNWs areal density. The percolation threshold was found to be near 0.3 g/m2 areal density of AgNWs. To the paper loaded with 0.95 g/cm2 AgNWs, the surface resistivity was typically 2.3 Ω/sq., that is, the volume resistivity was calculated to be 256 S/cm, indicating that the paper had good conductivity with a small AgNWs loading. The conductive paper was still very flexible, and met the requirements of composite processing.



Figure 5 shows the SEM images of the paper after being loaded with AgNWs of different areal densities. Figure 5a gives a large scaled view of the AgNWs-loaded paper with the areal density of 0.95 g/m2. It can be seen that AgNWs were uniformly adsorbed on the surface of the plant fibers, and almost covered all the fiber surface forming a continuous conducting network, thus the paper loaded with AgNWs has a low percolation threshold and good conductivity. Figure 5b–d give the SEM images of the conductive papers with different AgNWs areal densities. For all densities, AgNWs were uniformly distributed on the surface of the paper. With an increase of AgNWs density, the AgNWs network on the paper gradually went from sparse to dense. The plant fibers were barely observed at the AgNWs density of 1.73 g/m2 (Figure 5d). However, no local enrichment of AgNWs was found. It also indicated AgNWs were uniformly distributed even at such a high loading. In addition, in the case of large holes that not covered with plant fibers on the paper (generally larger than 10 μm in length, seen in Figure 5a,c,d), AgNWs bridged across the holes under the capillary of the dispersion. The existence of AgNWs bridging made the AgNWs network distributed on the two opposite surfaces of the paper interconnect and formed a holistic continuous conducting structure. The above results show that we obtained the conductive paper with a continuous and uniform AgNWs conducting network on surface the paper.




3.2. Electrical Conductivity of the Laminates


Three groups of samples containing control, plain papers interleaved, conductive papers interleaved for conductivity test were prepared using RTM method. The stacking sequence of all the samples was [0]24. The final thickness was controlled to 4.0 mm by steel spacers. Table 1 contains a summary of the volume electrical conductivity in the two in-plane directions (σx and σy) and the through-thickness direction (σz) of all these samples.



The in-plane electrical conductivity along the fiber direction (σx) for all the composite samples was about 6 × 103 S/m. This indicated that the change of σx was very small and σx was mainly depended on the intrinsic conductivity of the carbon fibers because it was much higher than the conductivity of the interleaves.



The in-plane electrical conductivity perpendicular to the fiber direction (σy) of the conductive papers interleaved samples was significantly increased by 171 times and 180 times compared with the control and plain paper interleaved samples respectively. This means σy of the control and plain paper interleaved samples were very close, while σy of conductive papers interleaved sample was significantly higher.



The through-thickness conductivity of the conductive paper interleaved samples reached 17.9 S/m and also significantly increased 2.81 times compared with the control samples, while for the plain paper interleaved samples, the through-thickness direction was nearly insulated. The interleaves played barrier roles in the electrical conduction between carbon fiber layers, leading to the decrease of conductivity. When interleaved with the conductive papers, the laminated carbon fiber layers and the conductive papers formed a series structure. The through-thickness conductivity was mainly limited by the conductivity of the carbon fiber layers because the AgNWs-loaded conductive papers had relatively higher conductivity. The good conductivity of the conductive papers played an effective conducting connection, making the through-thickness conductivity of composite samples greatly improved.



Compared with our previous work [23], the in-plane and out of plain conductivities of composites were smaller. That is because the conductivity was influenced by many factors such as the structural characteristics of the conductive interleaves, the bulk conductivity of carbon fibers, the volume fraction of composites and so on.



Figure 6a,b give the cross section SEM images of the composites interleaved with plain papers and conductive papers. The interleaves were distributed between two carbon layers with thickness between 5 μm and 25 μm. The different contrast shown in Figure 6b can be assigned to the different phases/structures based on their electrical properties, e.g., non-conductive epoxy resin region was dark while the AgNWs region was much brighter [34,35]. Comparing Figure 6a,b, relatively bright zones on the surface of the plant fibers of the conductive paper were found due to the high conductivity of AgNWs in the epoxy resin (see the enlarged images of the regions 1 and 2). The loading of AgNWs on the surface of the paper showed nearly no effect on the thickness of the interlayer. The conducting paths on the opposite faces of the paper formed by AgNWs-doped epoxy resin were connected in the hole not covered with plant fibers shown in the enlarged image of Region 2. Thus, a continuous conducting structure on the whole surface of the interleave was formed. As seen from the enlarged image of Region 1, the conducting path had good electrical contact with carbon fibers, so it played a role in connecting the two carbon layers. AgNWs were well and uniformly distributed on the surface of paper, indicating the conducting nano-sized network was well kept after stacking, resin injection and curing process. Figure 6c is the cross section image of the composite with an open crack. After wearing during the sample preparation process, the plant fiber was stripped from the matrix resin, indicating a poor bonding between the plant fiber and the resin which was agreed with the poor interface shown in Figure 3e and Figure 6a,b . Usually this was because the plant fibers were hydrophilic and incompatible with epoxy resin.




3.3. Interlaminar Fracture Toughness of the Laminates


Table 2 shows the interlaminar fracture toughness of all the samples in terms of Mode I (GIC) and Mode II (GIIC), respectively. The final thicknesses of all laminates were controlled to be around 4.0 mm, which satisfies the nominal carbon fiber volume fraction. However, after being interleaved with plain papers or conductive papers, Mode I and Mode II interlaminar fracture toughness decreased significantly. GIC decreased from 321.1 J/cm2 to 111.1 J/cm2 (−65.4%) and 104.8 J/cm2 (−67.4%) and GIC decreased from 1293 J/cm2 to 541 J/cm2 (−58.2%) and 428 J/cm2 (−66.9%) respectively. This indicated that the interleaves did not toughen the composites; however, they played a “defect” role in the interlayers. The interlaminar fracture toughness was further smaller to the AgNWs-loaded papers interleaved composite.



Figure 7 gives the optical images and micrographs of the Mode I and Mode II fracture surfaces of the papers and conductive papers interleaved composites. As can be clearly seen from the figure, all the fracture surfaces occurred inside the interleaves, which means a similar fracture mechanism for the different interleaves. In addition, the fracture surface of the conductive paper interleaved composites was relatively whitish, probably because of the existing of AgNWs or the insufficient infiltration of epoxy inside the conductive paper.



Figure 8 gives the SEM images of the Mode I fracture surfaces. It was found that all the Mode I fracture surfaces were covered with plant fibers, that is, the failure mainly occurred inside the interleave layers. Compared with the structure of nylon veil [23], the flattened plant fibers of the paper stacked more densely. More fibers were distributed per unit volume, and more parallel to the carbon plies. From Figure 8a,c, most of the interlaminar failures occurred in the plant fiber–epoxy resin interfaces or the overlapped areas of plant fibers. Compared with Figure 3e and Figure 6a,b , because of the flat shape and highly packed density of the plant fibers, we can see the epoxy resin had not completely penetrated into the overlapped areas of the plant fibers. In addition, poor interface between plant fiber and resin was found, thus it was much easier for the fracture to occur inside the interleaves. Besides, the surface of plant fibers or resin on the failure surface was very smooth, and no destroyed resin particles were found, also indicating that the interfacial bonding between paper fiber and resin was weak. Only a few plant fibers were destroyed, as can be seen in Figure 8b,d. In the case of the AgNWs-loaded paper interleaved sample, AgNWs can easily be seen at the resin area of fracture surface shown in Figure 8d. However, this area has became more rough indicating that the resin had relatively poor infiltration in the AgNWs-enriched area.



Compared with Figure 8a,c, resin may be easily seen in the gap of the overlapped plant fibers in Figure 8a, while the resin was small in quantity except for the area not covered with plant fiber, and more bare plant fibers are found in Figure 8c. This indicates that the presence of AgNWs concentrated on the surface of the interleaved paper greatly reduced the permeability of the resin into the densely packed plant fibers, making the interlayer much liable to be destroyed when not filled with resin, and thus the Mode I fracture toughness of the conductive papers interleaved composite was lower than the plain papers interleaved composite.



Figure 9 gives the SEM images of the Mode II fracture surfaces. It can also be seen from the images that most of the Mode II fractures occurred inside the interleave layers of the composites. Only in the area not covered with plant fibers, shear failure of resin was observed at the interface between the carbon ply and the interlayer. As seen from Figure 9a,c, fracture failure at plant fiber–resin interfaces, paper fiber–paper fiber interfaces obviously exist everywhere. As seen from Figure 9b,d, the fracture failure of plain paper interleaved composite mostly occurred at the fiber-resin interfaces while that of conductive paper interleaved composite mostly occurred at the non-resin infiltrated fiber–fiber overlapped areas. More surfaces of plant fibers were found and little resin existed in the gap of plant fibers as seen in Figure 9c,d, which are very different from the fracture surfaces shown in Figure 9a,b. This indicates that the presence of AgNWs impeded the impregnation of resin in densely packed paper fibers, leading to the further decline of Mode II interlaminar fracture toughness.





4. Discussion


It was proved that the electrical conductivity and fracture toughness of the composite can be simultaneously improved using the conducting–toughening integrated interleaves [23]. However, from the results in this paper, the structure of function integrated interleaves still requires more study.



To improve the electrical conductivity, the continuity of the conducting network which played a role in electrical connection of different carbon fibers was very important. On the surface of the conductive paper in this study, AgNWs formed a continuous and uniform conducting network, making the paper highly conductive at a low AgNWs loading. The porous form of the paper made the conductive networks on the opposite surfaces of the paper interconnected, thus the interleaves effectively connected the different carbon plies, resulting in improvement of the through-thickness conductivity of the composite.



With the interlaminar toughening of composites, a fracture usually occurs in the path of least energy dissipation. The toughening performance of the interleave is closely related to its material properties and structural properties. The toughening mechanism generally includes viscoelastic energy dissipation, bridging the effect of particles or fibers, and crack deflection caused by defects or rigid interfaces. When a fracture path propagates through areas with these effects, energy dissipation per unit area is increased and the fracture path becomes more circuitous, resulting in an increase of fracture toughness. For example, as a successful application of ex situ toughening, the toughening mechanism of PEK-C film was the formation of a double continuous structure containing thermoplastic rich phase and thermosetting rich phase. The higher viscoelastic energy dissipation of thermoplastic rich phase and the crack deflection between two-phase interface increased energy dissipation of the crack propagation. With the nylon veil interleaved composites, the bridging effect of ductile nylon fibers was the main factor.



Compared with the circular artificial nylon fibers, the plant fibers were flattened. This made the packing density much higher and the plant fiber orientation was more parallel to the carbon plies. Epoxy resin had more difficulty penetrating into such closely packed narrow gaps between plant fibers. Less fiber bridging also occurred because of its parallel orientation during fracture. On the other hand, because of the strongly hydrophilic characteristic of plant fiber, the interface between plant fiber and epoxy resin was poor. Combined the above factors, the interlaminar failure mostly occurred in fiber-resin interface and non-resin infiltrated fiber–fiber overlapped area where the energy dissipation per unit area was much lower, thus the interlaminar fracture toughness was significantly decreased. With the AgNWs-loaded papers interleaved composites, a large number of AgNWs formed a nanoscaled network on the surface of densely packed plant fibers, which was very different from the AgNWs-loaded nylon veil interleaved composite, with which the AgNWs network mostly covered single nylon fibers and bridged between fibers, further reducing the penetration of resin in the interior of paper, so interlaminar failure occurred in non-resin infiltrated fiber–fiber overlapping areas and led to the further decline of interlaminar fracture toughness.



In addition, although interlaminar toughness was decreased after interleaving with papers made of plant fibers, the result can provide us with some useful inspirations. For example, we could use flax fiber, which is much stronger and nearly circular to improve the fiber fracture energy and infiltration of resin. Additionally, the surface treatment is required to improve the bonding of fiber and resin. The sound absorption and damping properties of composites interleaved with plant fibers may also be very interesting.




5. Conclusions


In conclusion, through preparing conductive papers and using as interleaves, the electrical conductivity of composites was effectively improved, but the interlaminar fracture toughness was obviously decreased. The increase of conductivity was achieved from the good conductivity of AgNWs network and good electrical connection between AgNWs network and carbon plies. The decrease of the interlaminar fracture toughness can be attributed to highly parallel, densely packed interleaf structure formed by the flattened plant fibers and the poor interface between plant fibers and epoxy resin. The highly parallel distribution of plant fiber and its poor bonding with resin caused the fracture path to mainly propagate on the peeling surfaces of epoxy resin–plant fiber and plant fiber–plant fiber. Few plant fibers were destroyed during facture to dissipate energy. The densely packed plant fibers impeded the penetration of resin inside the paper and the penetration became worse for the paper with AgNWs surface loaded. All these reasons resulted the decrease of interlaminar fracture toughness.
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Figure 1. Schematic diagram of preparation of conductive papers, composite laminates and test specimens. 
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Figure 2. Schematic map of the specimen geometries for fracture toughness and conductivity testing. (a) GIC and GIIC specimens; (b) conductivity specimen. 
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Figure 3. SEM images of (a,b) paper; (c,d) cross section of a plant fiber; (e) cross section of paper embedded in epoxy resin. 
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Figure 4. (a) Areal density of AgNWs versus immersion times in AgNWs slurry of paper; (b) Surface resistivity of paper versus areal density of AgNWs. 
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Figure 5. SEM images of the conductive papers with different AgNWs areal densities. (a) 0.95 g/m2, a large scaled view; (b) 0.3 g/m2; (c) 0.95 g/m2, a small scaled view; (d) 1.73 g/m2. 
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Figure 6. SEM images of the cross section of the interleaved composites. (a) Interleaved with plain paper; (b) Interleaved with conductive paper. Region 1: An enlarged image of the area between carbon fibers and plant fiber. Region 2: The conducting path formed by AgNWs; (c) Polished plain paper interleaved sample with an open crack. 
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Figure 7. Optical photos and optical microscope photographs of failure surfaces after Mode I and Mode II fracture toughness test. (a) conductive papers interleaved, Mode I fracture surface; (b) plain papers interleaved, Mode I fracture surface; (c) conductive papers interleaved, Mode II fracture surface; (d) plain papers interleaved, Mode II fracture surface. 
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Figure 8. SEM images of Mode I fracture surfaces of (a,b) plain paper interleaved composite and (c,d) conductive paper interleaved composite. 
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Figure 9. SEM images of Mode II fracture surfaces of (a,b) plain papers interleaved composite and (c,d) conductive papers interleaved composite. 
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Table 1. Electrical conductivity of composite laminates samples studied.
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Samples

	
In-Plain

	
Out of Plain

	
Fiber Volume Fraction Vf (%)




	
σx (S/m)

	
σy (S/m)

	
σz (S/m)






	
Control, no interleaf

	
~6 × 103

	
9.7

	
4.7

	
54.7




	
Interleaved with plain papers

	
~6 × 103

	
9.2

	
<1.3 × 10−6

	
54.7




	
Interleaved with AgNWs-loaded papers

	
~6 × 103

	
1.67 × 103

	
17.9

	
54.7
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Table 2. Mode I and II fracture toughness of non-interleaved and interleaved laminates.
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	Samples
	GIC (J/m2)
	GIIC (J/m2)





	Control, no interleaf 1
	321.1
	1293



	Interleaved with plain papers
	111.1 ± 2.6
	541 ± 55



	Interleaved with AgNWs-loaded papers
	104.8 ± 6.7
	428 ± 19







1 Data from the internal report of our lab.
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