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Abstract

:

Porous carbon films were generated by thermal treatment of polymer films made from poly(acrylonitrile-co-methyl acrylate)/polyethylene terephthalate (PAN/PET) blend. The precursor films were fabricated by a dip-coating process using PAN/PET solutions in hexafluoro-2-propanol (HFIP). A two-step process, including stabilization and carbonization, was employed to produce the carbon films. PET functioned as a pore former. Specifically, porous carbon films with thicknesses from 0.38–1.83 μm and pore diameters between 0.1–10 μm were obtained. The higher concentrations of PET in the PAN/PET mixture and the higher withdrawal speed during dip-coating caused the formation of larger pores. The thickness of the carbon films can be regulated using the withdrawal speed used in the dip-coating deposition. We determined that the deposition of the porous carbon film on graphite substrate significantly increases the value of the interfacial shear strength between graphite plates and thermoplastic PP. This study has shown the feasibility of fabrication of 3D porous carbon structure on the surface of carbon materials for increasing the interfacial strength. We expect that this approach can be employed for the fabrication of high-performance carbon fiber-thermoplastic composites.
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1. Introduction


The increasing utilization of carbon fiber reinforced polymer composites (CFRPC), especially thermosetting polymers, has raised environmental and economic awareness for the need to recycle the composites [1,2,3,4,5,6,7]. To this end, employment of polyolefins for fabrication of advanced and recyclable carbon fiber reinforced thermoplastic composites (CFRTCs) possessing high solvent/environmental resistance, high modulus, strength, and toughness, can relieve the economic, environmental, and political pressure [8,9,10,11,12,13,14,15,16,17,18,19]. Lightweight CFRTCs already demonstrate great potential for automobile, aerospace, defense sectors, civil infrastructures, sport/leisure goods, and energy sector [1,5,6,12,20,21,22]. However, the key challenge remaining in the fabrication of advanced CFRTCs is poor interfacial bonding between fiber surface and polyolefins (exemplified by the most extensively explored polypropylene). The low adhesion level originates from low surface energy and the inert surface of carbon fibers (CFs) made from highly crystallized graphitic basal planes [20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42].



Several chemical and physical strategies are being explored to increase the interfacial adhesion between the CFs and polypropylene (PP). This includes the functionalization of PP with polar/reactive functional moieties and/or surface modification of CF such as oxidation, plasma and ozone treatment, thermal treatments, sizing, coupling agent treatments, and micro/nanofiber deposition, including whiskerization [23,24,25,26,27,28,29,30,31,32,43]. The latter methods of CF surface modification, where a change of surface topography/morphology of the fiber is targeted, employ mechanical interlocking to considerably increase the interlaminar shear strength (ILSS) of the resulting carbon fiber composites [31,32,43,44]. The mechanical anchoring diminishes the relative sliding between the CF and polymer matrix and improves stress transfer between the fiber and matrix, leading to higher modulus and strength. Thus, the properties of CFRTCs can be significantly improved via manipulation of the interfacial geometry. The interlocking approach appears to be quite universal in respect to polymer matrices used, as long as polymer material can impregnate the deposited fibrous surface structures. The main challenges remaining for the approach are complexity/sophistication of the morphological modification of CF exterior, mechanical robustness and uniformity of the fibrous layer deposited, effective impregnation of the layer with thermoplastic (e.g., PP) melt of high viscosity, and decrease of mechanical strength of CF as a result of the modification.



To this end, we have been developing an original surface modification method for carbon graphitic surfaces (such as the ones of carbon fibers) to create a non-fibrous mechanically anchoring robust carbon-based boundary. Specifically, our focus is on the fabrication of three-dimensional (3D) micrometric porous carbon structures attached to the carbon substrate surface. A 3D micromechanical interlocking interphase between carbon materials and a thermoplastic polymer is built during the composite manufacturing process through the infiltration of polymer melt into the pores created on carbon’s surface, leading to improvement of interfacial shear strength. The 3D micromechanical interlocking interphase has been designed to equate the stress at the carbon/polymer interface to the stress in the continuous phase of the polymer component when external shear/tension forces are applied to the composites. In this case, the maximum interfacial shear stress that can be sustained is determined by the strength of the polymer matrix.



The porous anchoring layer formation is conducted in just two straightforward steps: deposition of polymeric precursor on carbon surface and carbonization of the precursor layer. The deposition of carbon precursor is conducted from a solvent using a dip-coating procedure that can be realized in a conventional industrial setting. The carbonization is conducted using the same protocols as those typically used to obtain CF from polyacrylonitrile (PAN) fibers. In essence, to obtain the porous carbon coatings, we followed here procedures previously reported by us elsewhere [45]. In brief, it was found that crack-free carbon films with nanoscale roughness and controllable thickness can be produced by high-temperature treatment of the PAN-based film fabricated through dip-coating from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) solution. The same basic procedure was used to form porous carbon films with tunable porous structure when PAN and polyethylene oxide (PEO) blend was used instead of PAN. PEO functioned as the pore-forming component in the precursor and carbon films, whose pore diameter could be varied from hundreds of nanometers to micrometers. However, PEO was not the ideal pore-forming polymer since it has relatively low glass transition and melting temperatures and is in a viscous molten state at the temperature of PAN stabilization. Thus, while carbon film obtained had significant internal porosity, surface porosity was relatively low [45].



In the current work, we replaced PEO with polyethylene terephthalate (PET), which has a melting temperature of about 265 °C [46] and does not flow at the temperature used for PAN stabilization. The PET’s employment allowed us to produce carbon films with the open-pore structure suitable to serve as the porous anchoring layer, connecting the polymer matrix and CF via the interlocking mechanism. The initial 3D micrometric porous carbon structure development and characterization were performed on silicon wafers. The porous carbon structure was then fabricated on the surfaces of graphite plates using the protocols developed for depositing porous carbon structure on the silicon wafers. Finally, the inter-laminar shear strength for PP/carbon interface was measured for graphite substrates using a lap-shear test. It was determined that ILSS increased ~70% when the porous coating was deposited on graphite plates.




2. Materials and Methods


2.1. Materials


Poly(acrylonitrile-co-methyl acrylate) (PAN, Mw = 100,000 g/mol) with 94 wt.% of acrylonitrile and polyethylene terephthalate (PET, MV = 18,000 g/mol) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from Oakwood Chemical (West Columbia, SC, USA). Silicon wafers with one highly polished side were obtained from WRS Materials (Spring City, PA, USA). Homopolymer polypropylene (PP) grafted with 1 wt.% maleic anhydride with a melt flow index of 115 g/10 min at 2.16 kg/190 °C was purchased from Addivant (Danbury, CT, USA). The melting point of the PP is reported as 160–170 °C. High-density graphite plates (1.91 g/cm3) were provided by Toyo Tanso USA, Inc. (Durham, CT, USA).




2.2. Polymer Solution Preparation


PAN solution in HFIP at the concentration of 3 wt.% was prepared by dissolving PAN in HFIP at room temperature. PAN/PET solutions were prepared by dissolving both polymers in HFIP at room temperature. The concentration of PAN/PET solutions represents the total weight of PAN and PET in the solution. Six solutions having 3 wt.% concentration with PAN/PET weight ratios of 60:40, 65:35, 70:30, 75:25, 80:20, and 90:10 were prepared.




2.3. Precursor Polymer Film Preparation


A dip-coating process was employed to deposit a polymer film from the solution on the silicon wafers using dip-coater D-3400 (Mayer Feintechnik, Göttingen, Germany). Before the dip-coating, silicon wafers were first cleaned in D.I. (deionized) water for one hour using an ultrasonic bath, then placed in a piranha solution (3:1 concentrated sulfuric acid/30% hydrogen peroxide) at 80 °C and sonicated for one hour, and finally rinsed several times with D.I. water. In the dip-coating process, two limiting withdrawal speeds of the equipment (25 and 250 mm/min) were used. All depositions were performed after ultrasonic treatment of the polymer solutions for about 10 min to remove air bubbles. After the dip-coating, the samples were placed under a hood in an ambient environment for three days to dry. The typical dimensions of the polymer films produced were 1 cm × 2 cm.



The following sample nomenclature used in this study is shown in Table 1. For PAN films, the first number after “PAN“ shows the solution concentration and the second number indicates the dip-coating withdrawal speed. For example, PAN-3-25 is used to denote the sample of PAN film produced from a 3 wt.% solution at a dip-coating speed of 25 mm/min. The sample name for polymer films of PAN/PET prepared from 3 wt.% solution starts with PAN/PET followed by the weight percentage of PET in the total polymer weight and then the dip-coating withdrawal speed. For instance, PAN/PET film obtained at a dip-coating withdrawal speed of 25 mm/min with the weight ratio of PAN to PET of 90:10 was labeled as PAN/PET-10-25.




2.4. Carbon Film Fabrication


The two-step carbonization procedure previously reported by us was employed here [45]. The films of PAN and PAN/PET were first thermally stabilized under air in an oven. The oven temperature was raised from 30–230 °C at a heating rate of 3 °C/min, held at 230 °C for 6 h, and then cooled down to room temperature. A high-temperature carbonization treatment was applied to the thermally stabilized films under a stream of ultrahigh purity nitrogen. The temperature was raised from 30 °C at a heating rate of 3 °C/min to 600 °C and then was subsequently heated to 1000 °C at a heating rate of 10 °C/min. The temperature was kept at 1000 °C for 30 min. The films were finally cooled down to room temperature in nitrogen.




2.5. Materials Characterization


Characterization of the films followed the procedures used in our previous study reported elsewhere [45]. The surface morphologies of the polymer films, stabilized films, and carbon films were characterized by atomic force microscopy (AFM) and scanning electron microscopy (SEM). AFM Dimension™ 3100 (Digital Instruments Inc., Tonawanda, NY, USA) in tapping mode was used to image the surface topography. NSC16 type silicon probes (MikroMasch) with a resonance frequency ~170 kHz, a spring constant ~45 N/m, and a tip radius of 8–10 nm were used. Imaging was performed at a scan rate of 1 Hz for pure PAN films and 0.5 Hz for PAN/PET films. A high-resolution scanning electron microscope (S4800 Hitachi, Tokyo, Japan) was used for the surface and fracture morphologies characterization. Before the SEM examination, the samples were coated with platinum. SEM images were obtained at an accelerating voltage of 10 kV at various magnifications. The thicknesses of the polymer films, stabilized films, and carbon films were determined by AFM cross-sectional measurements using the scratch method [47]. Scratches were formed on the polymer films by a razor blade. The same scratches were used to measure the thickness of the stabilized and carbonized films.




2.6. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) of PAN and PET was conducted on an analyzer of Q500 from TA Instruments (New Castle, DE, USA). The TGA analysis was performed using the conditions simulating the two-step thermal treatment process. The TGA steps were specified as follows: (1) raise the temperature from 30–230 °C in air at 3 °C/min, (2) stay at 230 °C for 6 h in air, (3) cooldown to 30 °C in air, (4) raise the temperature from 30–600 °C at 3 °C/min in nitrogen, (5) raise the temperature from 600–1000 °C at 10 °C/min in nitrogen, and (6) stay at 1000 °C for 30 min.




2.7. Interlaminar Shear Strength Measurement


Graphite plates coated with solid and porous carbon films were used in this part of our study. The dip-coating and carbonization procedures were the same as the ones used for the model silicon wafer substrates. Before the dip-coating, graphite plates (2.5 cm × 2 cm) were cleaned using the HFIP solvent. PAN and PAN/PET solutions with the PAN to PET ratio of 65:35 were used in the dip-coating process at the withdrawal speed of 250 mm/min. Initial bonding of the graphite plates coated with the carbon films was performed in a vacuum oven. Inside the oven, PP pellets were placed between the two graphite plates with a vacuum applied at the beginning of the consolidation process. The temperature was raised to 200 °C to melt the PP, and the assembly was kept at 200 °C for 30 min. Then, the two graphite plates with molten PP in between were transferred to a laboratory hot press set at 200 °C and low pressure (less than 0.7 MPa) was applied to fabricate a uniform PP layer between the plates. The bonding area was 2 cm × 2 cm, and 5 specimens for each sample group were prepared. The single lap-joint test was performed using an Instron machine (Model 5582) in compression mode at a loading head motion rate of 1 mm/min. The interlaminar shear strength is reported. The fracture interface between the two graphite plates was then characterized using a high-resolution scanning electron microscope (S4800 Hitachi). Before the SEM examination, the fracture surfaces were coated with platinum. SEM images were obtained at an accelerating voltage of 10 kV at various magnifications.





3. Result and Discussion


3.1. Fabrication and Morphology of Polymer Films


To obtain films from a binary polymer blend via a controllable and reproducible solvent-based process (such as dip-coating employed in this work), both polymers must be soluble in a solvent. It is also required that no phase separation occurs when the polymers are dissolved in the solvent simultaneously. One-component PAN and PET solutions in HFIP are visually clear, and the solid films obtained from the solution are optically transparent and uniform. The result indicated significant PAN and PET solubility in the solvent. The binary PAN/PET solutions were also transparent and homogeneous at the concentrations used here (PAN to PET ratio from 90:10 to 60:40), indicating good solubility of the polymer mixture in the solvent at 3 wt.%. Thus, PET could be added to the PAN solution to generate pores in the carbon films in the course of the high-temperature carbonization process.



Due to drying, the PAN/PET films at the PAN to PET ratios of 75:25, 70:30, 65:35, and 60:40 lost their transparency. The opaqueness of films suggested that phase separation occurred in these films. At the same time, the films with the PAN to PET ratios of 90:10 and 80:20 remained visually transparent. To further characterize the morphology of the PET/PAN films, their surface was visualized with AFM. Figure 1 shows the images for the films obtained by the dip-coating at the withdrawal speed of 25 mm/min followed by drying. One can see that, for all PET concentrations, circular pores formed within the films. The porous structure formation is associated with the different affinity of phases separating PAN and PET to the solvent [45]. Specifically, the pore formation indicates that the PAN matrix is more rapidly depleted of the solvent and solidifies before the solidification of the PET phase, which has a higher affinity to the solvent [48,49]. When a withdrawal speed of 250 mm/min is used, the films’ morphology was practically the same at the qualitative level (images are not shown). However, at higher PET content, the pores’ size is somewhat larger for the PET/PAN films obtained at a withdrawal speed of 250 mm/min. We suggest that the formation of larger pores can be caused by the deposition of a thicker swollen polymer film on the surface of the substrate at the higher dip-coating withdrawal speed (as discussed in the sections below). For the thicker film, it takes longer for the solvent to evaporate, and, therefore, larger PET domains can form during the phase separation process.



For both withdrawal speeds, the pore size increased with PET concentration. The diameter of the pores was estimated from AFM images (Figure 2a). At PAN/PET ratios of 90:10 and 80:20, the pores at both dip-coating withdrawal speeds were smaller than 220 nm in diameter, and, therefore, the films appeared transparent after drying. With the increase of PET concentration, the pore size increased to about 242 nm, 563 nm, 2 μm, to 3 μm for films having the PAN to PET ratios of 75:25, 70:30, 65:35, and 60:40, respectively, fabricated at the withdrawal speed of 25 mm/min. For a withdrawal speed of 250 mm/min, the pore sizes were 340 nm, 755 nm, 2.74 μm, and 7 μm for films with the PAN to PET ratios of 75:25, 70:30, 65:35, and 60:40, respectively. Our results indicate that the porous structure’s parameters can be varied via PET concentration and the withdrawal speed in a certain range.



The thicknesses of polymer films obtained were measured using AFM (Figure 3). For the films fabricated using the speed of 250 mm/min, all the polymer films had thicknesses higher than the vertical limit of our AFM (6.42 μm), and, thus, the thicknesses were not determined. Therefore, the data is reported for the films obtained using the lower withdrawal speed. The pure PAN film had a thickness of 2.73 μm. The PAN/PET films produced in this study had significantly lower thicknesses than that of the PAN film. The blended films’ thicknesses with 10, 20, 25, 30, 35, and 40 wt.% of PET were 1.72, 1, 1.25, 1.03, 1.43, and 1.28 μm, respectively. The decrease of the thickness is associated with the decrease of the solution viscosity as part of PAN is replaced with PET. Indeed, according to the classical Landau–Levich theory, the thickness of a film (h) produced by dip-coating on a flat substrate is related to the viscosity of the solution, dip-coating withdrawal speed, solution surface tension, and density [45,50,51]:


  h   ∝        (  η · ν  )    2 / 3      σ  1 / 6   ·    (  ρ · g  )    1 / 2      



(1)




where  η ,  σ , and  ρ  are the viscosity, the surface tension, and the density of the fluid, respectively, while  ν  and g are the dip-coating withdrawal speed and the standard gravitational acceleration. In our case, the effect of the viscosity and dip-coating speed dominated the process. At the higher speed, significantly thicker films were fabricated. At the constant speed of 25 mm/min, the PAN/PET films were significantly thinner than the PAN film. We suggest that the decrease of solution viscosity was the main cause in this case. Indeed, the viscosity ( η ) of the PET solution was significantly lower than that of PAN at the same concentration. It is associated with the significant molecular weight (M) difference between the two polymers, as indicated by the relationship shown below [46]:


  η   ∝      (   c γ  M  )   β   



(2)




where c is the solution concentration, parameter β changes with molecular weight and concentration, generally from 2 to 3.4, and  γ  varies from 1.85 to 1.4 as solvent affinity to polymer increases. From Equation (2), it is evident that replacing part of the PAN (Mw = 100,000 g/mol) with PET (Mw = 18,000 g/mol) would decrease the solution viscosity, leading to a thinner film. The effect of PET concentration in the solution on the film thickness is not yet clear, since many factors, such as surface tension, density, and polymer-solvent affinity influence the polymer film thickness. At the same time, it is obvious that the thickness of the films can be tuned significantly by variation of the withdrawal speed used for the dip-coating.




3.2. Fabrication and Morphology of Carbon Films


The general procedures used here to fabricate the solid/porous carbon films were reported in detail in our preceding publication [45]. Before the fabrication, TGA measurements were conducted to determine the behavior of the polymers during the PAN stabilization (at 230 °C for 6 h) and the carbonization process conducted by heating the material to 1000 °C. PAN’s stabilization is necessary to prepare the PAN-based material for further high-temperature carbonization [22,45]. The results are shown in Figure 4. It was observed that during the stabilization process, PET and PAN had 3 wt.% and 7 wt.% mass loss, respectively. Thus, no significant thermal degradation of PET occurred during the stabilization process. We associate the mass loss with water absorbed by the polymer. The mass loss of PAN (beside absorbed water) was mainly caused by the chemical reactions of macromolecular cyclization to form a ladder-type polymer in addition to the dehydrogenation and oxidation [22]. During the initial phase of carbonization (230–600 °C), significant thermal degradation of PET was observed. Specifically, the major mass change of the material (>80 wt.%) takes place between 370–500 °C, and the mass of PET residue was around 12 wt.% at the end of the first phase of carbonization. In this initial carbonization stage, PAN lost about 25 wt.% of its mass. During the next step of carbonization (600–1000 °C), PET lost ~2 wt.% of its original mass. Simultaneously, the mass of PAN residue decreased from 68 wt.% to 52 wt.%. In the course of the final annealing at 1000 °C, PET lost an additional 4 wt.%, and, therefore, the carbon residue of the polymer is ~6 wt.%. PAN lost approximately 6 wt.% during the final annealing leaving the carbon residue of about 46 wt.%.



The temperature profile used in the TGA analysis Figure 4 was employed for the fabrication of carbon films. First, the polymer films after air drying were stabilized under air at 230 °C for 6 h. After the stabilization, the film thickness decreased in the range of 10–25% for PAN and PAN/PET films (Figure 3). Only for the film with a 75/25 PAN/PET ratio, there was no measurable change of thickness. The reason for this was not clear at the time of this writing. The color of stabilized polymer films was dark brown. After carbonization, the films became black. The carbon film thickness was measured using AFM (Figure 3). The thickness decreased significantly in comparison to that of stabilized films. The thickness of solid carbon film made from PAN (at withdrawal speed of 25 mm/min) is around 0.61 μm, which is a 75% decrease from that of the initial polymer film. The reduction of thickness for the carbon films obtained for PAN/PET mixtures was about 40–60%. The porous carbon films with the PET percentages of 10, 20, 25, 30, 35, and 40 had thicknesses of 0.65, 0.39, 0.55, 0.46, 0.57, and 0.38 μm, respectively. The thicknesses of carbon films obtained from polymer films dip-coated at the withdrawal speed of 250 mm/min were also measured using AFM Figure 3. The solid carbon film was 1.65 μm. The porous carbon film thicknesses were on the similar level 1.83, 1.75, 1.27, 1.46, 1.38, and 0.82 μm for 10, 20, 25, 30, 35, and 40% PET in the PAN/PET mixtures, respectively. We did not find a significant correlation between the composition of the PAN/PET mixture and the thickness of the carbon films obtained. However, there is a clear dependence of the thickness on the withdrawal speed used during the polymer film fabrication. Thus, the speed can be used to fabricate the porous carbon film of different thicknesses.



The morphology of carbon films was observed with AFM. The images of the porous films generated from polymer films dip-coated at the withdrawal speed of 25 mm/min are shown in Figure 5. Continuous porous carbon structures were observed, which indicated that a continuous PAN structure was formed during polymer film formation from the binary PAN/PET solutions. The continuous network of the porous PAN structure survived the stabilization and carbonization process without forming cracks. The same observation was made for the films obtained using the higher withdrawal speed (images are not shown). The correlation between PET content and pore size and the one between the withdrawal speed and pore size are maintained through the carbonization process (Figure 2). As the percentage of PET and withdrawal speed increases, the pore size in the carbon films increases. For the carbon films generated from polymer films dip-coated at 25 mm/min, the pore diameters are 0.11, 0.19, 0.32, 0.70, 2.67, and 3.16 μm as the PET percentage in the original polymer films increased from 10, 20, 25, 30, 35, to 40. When the polymer films were formed at the dip-coating withdrawal speed of 250 mm/min, the corresponding pore diameters were 0.11, 0.23, 0.40, 0.72, 3.81, and 10.16 μm. The carbon structure’s pore sizes were also larger than the corresponding pore sizes in the polymer films Figure 2. The mass loss of PAN and PET contributed to the larger pore size in the carbon structure. In general, we determined that the PET content and withdrawal speed could be employed to vary the diameter of pores in the carbon films.



AFM provided accurate information only on the topmost morphology of the films. To complement AFM imaging, the cross-section of carbon films, fabricated from PAN and PAN/PET, were examined using SEM (Figure 6). Figure 6a,b show that the films made from pure PAN do not have a porous structure. Figure 6c–h display the cross-section of the films obtained from the PAN/PET mixture. These films have a significant number of pores in their structure. The pores were found to be elliptical in shape because of the film shrinkage in the vertical direction during stabilization and carbonization processes. The shrinkage in the horizontal direction was constrained by the bonding of the film to the substrates. The film’s thickness and the pores’ size were dependent on PET content. At the PET concentration of 10 wt.%, the carbon films obtained have the internal pore of the smallest size (Figure 6c) that appear not to be interconnected. As the concentration of PET in the polymer film increased, the pores formed in the carbon films became larger, and the number of interconnected pores increased (Figure 6d–h). At the PET concentration of 40% (Figure 6h), the carbon film included a significant fraction of pores in the structure. It is necessary to note that the thickness of the carbon films measured with AFM and the one estimated from SEM were within 10–20% of each other.




3.3. Interlaminar Shear Testing


We hypothesized that porous carbon structure will demonstrate higher adhesion to thermoplastic PP in comparison with non-porous carbon substrate. To test this, we evaluated the effect of the porous coating on interfacial bonding strength between PP and graphite plates. To this end, the porous carbon films were fabricated on the surfaces of the plates using a PAN/PET ratio of 65/35 and withdrawal speed of 250 mm/min. PP grafted with 1 wt.% of maleic anhydride was used in the adhesion test, since it was previously reported that maleic anhydride units improve carbon-PP adhesion [26,28,30]. The schematic of the single lap-joint specimen used in our measurements is shown in Figure 7a. The solid carbon film fabricated from pure PAN film was also deposited on the graphite plates to be used as the control samples. The shear strength results calculated from the tests are shown in Figure 7b. The graphite plates coated with the porous carbon film had a significantly higher shear strength (~8.2 MPa) than those coated with the solid carbon film (~4.9 MPa). Therefore, the modification of carbon materials with the porous surface structure developed in this study improved the interfacial shear strength by ~70%.



The morphology of the fractured interface was observed with SEM (Figure 7c–h). The adhesive failure for the graphite plates coated with the solid carbon film occurred at the polymer/carbon interface (Figure 7c–e). For the plates coated with the porous carbon films, penetration/infiltration of polymer into the pores can be identified from the fracture interface (Figure 7f–h), which also shows the predominantly cohesive failure of the PP matrix. In this failure mode, the interfacial stress causes shear deformation and polymer matrix breakage, indicating that the carbon/PP interfacial bonding is significantly enhanced. The increase of the inter-laminar shear strength is also associated with the increased contact area for the porous structure due to polymer penetration into the internal pores. Indeed, the polymer matrix penetrated in the surface (Figure 7f) and internal pores (Figure 7g,h), and interlocking interphase between PP and the porous carbon structure was formed. The polymer that penetrated the internal pores was stretched during the failure. This conclusion is supported by the extensive fibrillation of the polymer phase (Figure 7f–h). We also note that the carbon porous coating was not damaged during the mechanical test, indicating a strong porous carbon structure was formed using the technique reported here.





4. Conclusions


We demonstrated that porous carbon films with controllable thickness and surface/internal structures could be fabricated by the carbonization of PAN/PET films made through a dip-coating process. PET functioned as a pore former in the polymer film. After carbonization of the polymer, porous carbon films with thicknesses from 0.38–1.83 μm and pore diameters between 0.1–10 μm were obtained. The higher concentrations of PET in the PAN/PET mixture and the higher withdrawal speed during dip-coating caused the formation of larger pores. The thickness of the carbon films can be controlled by the withdrawal speed during dip-coating. We determined that deposition of the porous carbon film on graphite substrate significantly increases the value of the interfacial shear strength between graphite plates and thermoplastic PP. This study has shown the feasibility of fabrication of 3D porous carbon structure on the surface of carbon materials for increasing the interfacial strength. This approach can be used for the fabrication of high-performance carbon fiber-thermoplastic composites.
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Figure 1. AFM topographical images of polymer films as deposited on silicon wafer by dip-coating: (a) PAN/PET-10-25, (b) PAN/PET-20-25, (c) PAN/PET-25-25, (d) PAN/PET-30-25, (e) PAN/PET-35-25, and (f) PAN/PET-40-25. The scale bar on the right side of the AFM images depicts the height scale of the image, where light and dark shades correspond to high and low relative heights, respectively. 
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Figure 2. Pore diameters for porous polymer (a) and carbon (b) films obtained from AFM images. 
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Figure 3. The thicknesses of the deposited polymer films, stabilized films, and carbon films. 
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Figure 4. Temperature profile for the stabilization and carbonization processes used and corresponding TGA traces for pure PAN and PET. 
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Figure 5. AFM topographical images of the carbonized polymer films obtained from (a) PAN/PET-10-25, (b) PAN/PET-20-25, (c) PAN/PET-25-25, (d) PAN/PET-30-25, (e) PAN/PET-35-25, and (f) PAN/PET-40-25. The scale bar on the right side of the AFM images depicts the height scale of the image, where light and dark shades correspond to high and low relative heights, respectively. 
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Figure 6. The SEM micrographs showing the cross-section of carbon films prepared from polymer films: (a,b) pure PAN, (c) PAN/PET-10-250, (d) PAN/PET-20-250, (e) PAN/PET-25-250, (f) PAN/PET-30-250, (g) PAN/PET-35-250, and (h) PAN/PET-40-250. 
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Figure 7. The schematic of the single lap-joint specimen (a), the shear strength results (b), and the SEM micrographs showing the fracture surfaces of solid (c–e) and porous (f–h) carbon-coated graphite plates. 
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Table 1. Sample nomenclature.
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	Sample Name
	Polymer Concentration

in Solution (wt.%)
	PAN/PET

(by Weight)
	Dip-Coating

Withdrawal Speed

(mm/min)





	PAN-3-25
	3
	100/0
	25



	PAN-3-250
	3
	100/0
	250



	PAN/PET-10-25
	3
	90/10
	25



	PAN/PET-20-25
	3
	80/20
	25



	PAN/PET-25-25
	3
	75/25
	25



	PAN/PET-30-25
	3
	70/30
	25



	PAN/PET-35-25
	3
	65/35
	25



	PAN/PET-40-25
	3
	60/40
	25



	PAN/PET-10-250
	3
	90/10
	250



	PAN/PET-20-250
	3
	80/20
	250



	PAN/PET-25-250
	3
	75/25
	250



	PAN/PET-30-250
	3
	70/30
	250



	PAN/PET-35-250
	3
	65/35
	250



	PAN/PET-40-250
	3
	60/40
	250
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