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Abstract:



Fiber-reinforced polymer matrix composites offer lightweight, high mechanical performance but have required much effort to achieve good fiber–matrix adhesion and uniform distribution, and generally suffer from low impact resistance. In this work, a uniform, high shear melt-processing method was used to prepare carbon fiber (CF) reinforced polyetheretherketone (PEEK), carbon nanofiber (CNF) reinforced PEEK, and multi-scale CF and CNF reinforced PEEK composites. Scanning electron microscopy images show good fiber distribution and fiber–matrix interaction, as well as surface crystallization of PEEK from the fiber surfaces. Tensile modulus and strength increase most significantly with the addition of CF but with a loss in ductility. The multi-scale composite of CF–CNF-PEEK displays the stiffening effect from the CF and retains more ductility due to the CNF. Further, the CF–CNF-PEEK composite displays the highest impact energy absorption. This study shows that good mixing of CFs and CNFs is achievable in PEEK using a uniform, high shear processing method that can easily produce intricate shapes and provides a stiff, high impact energy absorption multi-scale carbon fiber-reinforced composite.
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1. Introduction


Polymer matrix composites (PMCs) are widely used to obtain crucial functionality while replacing traditional, heavier materials. In particular, carbon-reinforced polymer matrix composites (C-PMCs), including carbon fiber (CF), carbon nanofiber (CNF), and carbon nanotubes (CNT), offer beneficial mechanical, thermal, and electrical properties to polymers. The highly specific properties of C-PMCs offer a lightweight alternative to traditional materials, such as wood, aluminum, and steel, in certain applications.



Carbon fiber is derived from polyacrylonitrile (PAN) or petroleum pitch. Typically, it is spun into a filament yarn to orient the polymer atoms, which is then taken through multiple heat treatments to oxidize, carbonize, and graphitize the filament [1]. The high temperature heat treatments produce filaments of very high modulus and high strength. Carbon fiber-reinforced polymer matrix composites (CF-PMCs), the most mature of the commercially available, lightweight alternative C-PMCs, allow load transfer between the strong, high modulus carbon fiber and the matrix but, as a result, suffer from brittleness [2,3]. Carbon nanofibers (CNF) are vapor-grown, resulting in cylindrical type nanostructures of graphene arranged as stacked cones. CNFs, due to their exceptional properties, have been used in carbon nanofiber-reinforced polymer matrix composites (CNF-PMCs) for a variety of applications for their mechanical, thermal and electrical properties [4,5,6]. CNF reinforcement of polymers does not tend to significantly increase modulus; however, toughness and fracture resistance are enhanced [7].



In order to enhance both modulus and toughness of polymers, multi-scale carbon micro/nano fiber composites have been developed and offer good mechanical properties [8], such as a 65% increase in tensile strength [9], 36% increase in tensile modulus [10], and 20% increase in fracture toughness [11], as compared to neat polymers. Multi-scale carbon micro/nano fiber reinforcement research has been predominantly limited to thermoset polymeric systems, typically epoxy systems, for which processing and part fabrication are limited or cost prohibitive for many applications. Thermoplastic polymers, however, offer more variability in processing and easy part fabrication, allowing the production of intricate geometry parts.



Polyetheretherketone (PEEK) is a high performance, semi-crystalline thermoplastic engineering polymer that maintains mechanical properties at high temperatures. PEEK is synthesized by the dialkylation of bisphenolate in step-growth polymerization [12], and the chemical structure is shown in Figure 1. Due to PEEK’s robust mechanical properties, chemical inertness and high temperature resistance, PEEK-based composites are used in a vast array of industries, including automotive, aerospace, chemical, and biomedical, with applications including flywheels, pumps, bearings, and implants. Carbon fiber reinforcement in PEEK provides a composite with enhanced mechanical properties [13,14], while the addition of nanoparticles to PEEK enhances friction and wear properties [15]. Further, CNF reinforcement of PEEK provides an increase in modulus to 5.5 GPa with the addition of 15 wt. % CNF [16]. To date, however, there is no reported use of multi-scale reinforcement of CF and CNF in PEEK. Multi-scale carbon-reinforced thermoplastic composites have been limited to growing CNFs on the CF surface prior to melt processing [17], in an attempt to reduce agglomeration. CNF agglomeration within the polymer matrix reduces the mechanical properties of the composite, specifically, lower strength, toughness and fracture resistance are reported. For example, it has been found that CNF agglomeration occurs at concentrations greater than 1 wt. % CNF in an epoxy, which reduced fracture toughness, fracture resistance, and strength [18]. It is suggested that CNF agglomeration impedes efficient stress transfer between CNF and the matrix, as well as, acting as stress concentration causing premature fracture [19]. For particle-matrix optimization, good dispersion followed by uniform distribution is required in order to enhance mechanical properties [20].


Figure 1. Chemical structure of Polyetheretherketone (PEEK).
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The aim of this study is to determine the effect of multi-scale reinforcement (CF and CNF) on PEEK using a novel, high shear melt-processing method [21]. Firstly, PEEK is reinforced with CF, secondly, PEEK is reinforced with CNF, and lastly, PEEK is reinforced with both CF and CNF. The composition dependence of the carbon reinforcement agents on PEEK is investigated and the morphology, tensile properties, impact resistance, and dynamic mechanical properties in torsion are presented.




2. Materials and Methods


2.1. Materials


Two types of carbon reinforcement, including carbon fiber (CF, Tenax-A HT C723, Toho Tenax America, Inc., Rockwood, TN, USA), and carbon nanofiber (CNF, PR-19-XT-LHT, Pyrograf Products Inc., Cedarville, OH, USA) were used for multi-scale reinforcement of polyetheretherketone (PEEK, KT-820NT, Solvay Specialty Polymers, Alpharetta, GA, USA). The CF is a general purpose, PAN-derived chopped fiber (length is 6 mm, diameter is 5 μm–7 μm) with a tensile modulus of 225 GPa and a tensile strength of 4275 MPa. The CNF is vapor-grown and produced via high temperature gas-phase molecule decomposition with carbon deposited in the presence of a transition metal catalyst on a substrate where the fiber grows. The LHT grade used in this work is heat treated at 1500 °C to carbonize chemically-vapor-deposited carbon present on the fiber surface and provides a short-range ordered structure. The CNF average fiber diameter is 150 nm and length is 50 µm–200 µm with a tensile modulus of 600 GPa and a tensile strength of 7000 MPa. This grade of PEEK has a low specific gravity of 1.32, high viscosity of 440 Pa-s, a glass transition temperature of 150 °C, melting temperature at 340 °C, tensile modulus of 3.5 GPa, and tensile strength of 95 MPa, as reported by the manufacturer.




2.2. Processing


Using a uniform, high shear injection molding method, PEEK was reinforced with CF, CNF and both CF and CNF [21]. Firstly, PEEK was reinforced with 0 wt. % CF, 5 wt. % CF, 10 wt. % CF, and 20 wt. % CF. Secondly, PEEK was reinforced with 0, 0.5, 1, 2, and 5 wt. % CNF. Thirdly, PEEK was reinforced with 20 wt. % CF and 2.5 wt. % CNF. The compositions are labeled as (wt. % reinforcement) (Reinforcing Agent)-PEEK, as shown in Table 1.



Table 1. Carbon fiber (CF), carbon nanofiber (CNF), and CF–CNF-reinforced PEEK Composites Produced.
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PEEK was dried at 160 °C for 6 h in a forced air convection oven, dry-blended with CF or CNF, and melt-processed using a V55-200 injection molding machine (Negri Bossi North America, Inc., New Castle, DE, USA) with a novel screw design that imparts uniform, high shear. When processing 20CF–2.5CNF-PEEK, segregation due to differing bulk densities is of great concern, thus a two-step process was used. Firstly, 20 wt. % CF and 80 wt. % PEEK were dry-blended in 100 gram batches and compounded using a Randcastle single screw extruder under a nitrogen blanket. Secondly, the pelletized extrudate was dried at 160 °C for 6 h and dry-blended with 2.5 wt. % CNF followed by injection molding using the same method previously described.



For all of the composite samples, components were injection molded under a nitrogen blanket at 100 RPM with processing temperatures for zones 1, 2, 3, and the nozzle at 362 °C, 362 °C, 362 °C, and 365 °C, respectively. Experimental testing was performed according to methods defined by American Society for Testing and Materials (ASTM). ASTM D638 Type 1 tensile and ASTM D256 impact specimens were produced with cross-sectional dimensions of approximately 3.2 mm by 12.5 mm. An experimental control of PEEK specimens was injection molded under the same processing conditions.




2.3. Characterization


Morphological characterization was performed using field emission scanning electron microscopy (SEM) of the prepared composites, including CF-PEEK, CNF-PEEK, CF–CNF-PEEK, and as received fibers, including CF and CNF. As received CF and CNF specimens were prepared by placing the fibers on adhesive carbon black tape mounted on an aluminum stud. CF-PEEK, CNF-PEEK, and CF–CNF-PEEK composite specimens were prepared by cryogenic fracture of injection molded specimens and fractured surfaces mounted on aluminum studs. To prevent charging of composite specimens, a 5 nm thick gold coating was sputtered on the fractured surface, and the sample placed under vacuum overnight prior to observation. A Sigma Field Emission SEM (Zeiss, Oberkochen, Germany) was used with both in-lens and secondary electron detectors to observe dispersion/distribution of the carbon reinforcement within PEEK and fiber–matrix interactions. Accelerating voltages of 5 keV and 10 keV were used to obtain optimum images.



Mechanical properties in tension and Izod impact resistance were characterized for CF-PEEK, CNF-PEEK, and CF–CNF-PEEK samples. All testing was conducted at room temperature (~23 °C), and test specimens were conditioned at 50% relative humidity for a minimum of 40 h after injection molding and prior to testing, according to ASTM standards. Tensile properties were determined using a QTest/25 Elite Controller Universal Testing System (MTS Systems Corp., Eden Prairie, MN, USA) with an extensometer mounted to the specimen, a 25 kN load cell, and a cross-head rate of 5 mm/min, according to ASTM D 638 “Standard Test Method for Tensile Properties of Plastics”. A minimum of 5 specimens per sample were tested to failure. The average results and standard deviation of each sample is reported, for statistical analysis, according to ASTM standards. A representative stress–strain curve is shown per sample, as well. Notched Izod impact properties were characterized using a Dynatup POE2000 Instrumented Pendulum Impact Tester (Instron Corporation, Norwood, MA, USA) at an impact velocity of 3.4 m/sec, according to ASTM D256 “Standard Test Methods for Determining the Izod Pendulum Impact Resistance of Plastics”. A minimum of 10 specimens per sample were tested, results averaged, and the standard deviation reported.



Dynamic mechanical testing was conducted in torsion using an AR 2000 Rheometer (TA Instruments, New Castle, DE, USA) for PEEK and 20CF–2.5 CNF-PEEK samples. The temperature ramp was performed over a temperature range of 25 °C–225 °C at a rate of 5 °C/min and a frequency of 1 Hz. Prior to the temperature ramp tests, the linear viscoelastic region was determined for each sample and the % strain selected from this region. The % strain for each temperature ramp was 0.016% and 0.011% for PEEK and 20 CF–2.5 CNF-PEEK, respectively.





3. Results and Discussion


3.1. Morphology


3.1.1. CF-PEEK


SEM micrographs of CF and CF-PEEK are shown in Figure 2. Microscopy of the carbon fiber surface (Figure 2a) displays a few surface disconformities in the form of particles, likely dust, with individual fibers bundled together with a 5 µm–7 µm diameter and 6 mm length, matching the manufacturer’s specifications. At low magnification of CF-PEEK (Figure 2b), there is an abundance of evenly separated carbon fibers in PEEK, showing good particle dispersion and distribution in the matrix. Upon close inspection, PEEK is seen wrapped around the CF, indicating very strong fiber–matrix adhesion, as shown by the arrow in Figure 2c. Similarly, strong fiber–matrix adhesion is seen along the CF length, with PEEK remaining on the CF surface even after cryogenic fracture, as indicated by the arrow in Figure 2d. Along the length of the fiber, evidence of transcrystallinity, or surface crystallization of PEEK, is evident by the directional crystal growth from the carbon fiber, resulting in a preferred orientation (indicated in the enclosed region in Figure 3d). Surface crystallization is a well-studied occurrence in CF–PEEK composites with the highlighted region matching known transcrystallinity features [22]. In general, polymer surface cyrstallization on CF provides good adhesion between the high stiffness fiber and less stiff polymer, resulting in enhanced mechanical properties [23]. There is evidence of some fiber pullout, as evident by black holes in Figure 2b, which most likely occurred when the main length of the well-adhered CF resided in the opposing fracture surface.


Figure 2. Morphology of (a) as received CF; (b) 5CF-PEEK at low magnification; (c) 20CF-PEEK at high magnification with the axial cross section of carbon fiber visible; and (d) 20CF-PEEK at high magnification with the longitudinal orientation of the fiber visible, via SEM.
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Figure 3. SEM micrographs showing the morphology of (a) as received CNF; (b) 2CNF-PEEK; (c) 5CNF-PEEK at low magnification; (d) 5CNF-PEEK at high magnification via SEM.
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3.1.2. CNF-PEEK


SEM micrographs of CNF and CNF-PEEK are shown in Figure 3. The morphology of the CNFs matches the manufacturer’s specifications and displays a diameter of 100 nm–200 nm and length up to 200 μm (Figure 3a). Good dispersion and distribution of CNF in PEEK at 2 and 5 wt. % CNF is evident in Figure 3b,c respectively. Transcrystallinity, similar to that observed within the CF-PEEK system, is visible perpendicular to the main CNF axis direction, as highlighted by the arrow in Figure 3d. Additionally, there are kinks visible on the CNF surface, which may act as a shape effect and impede fiber pullout.




3.1.3. 20CF–2.5CNF-PEEK, the Multi-Scale Composite


The morphology of the 20CF–2.5CNF-PEEK composite is shown in SEM micrographs in Figure 4. At low magnification (Figure 4a), there is an abundance of evenly separated CFs in PEEK, indicating good fiber dispersion and distribution. At higher magnification (Figure 4b), CF is well adhered and wetted along the fiber length and the ends, as indicated by the arrow. Near the base of the CF, the square region in Figure 4b is magnified and shown in Figure 4c, revealing well dispersed and distributed CNF in the PEEK matrix that is sprawled along the CF surface. Surface crystallization of PEEK in a preferred orientation is also observed throughout the structure, both surrounding the CF, as indicated by the arrow in Figure 4c, and along the length and ends of the CNF, as observed in the circled region in Figure 4b and the arrow in Figure 4d, respectively.


Figure 4. SEM micrographs showing the morphology of 20CF–2.5CNF-PEEK (a) at low magnification; (b) at higher magnification with the axial carbon fiber visible; (c) at high magnification with the longitudinal orientation of the fiber visible; and (d) at high magnification.



[image: Fibers 05 00032 g004]








3.2. Tensile Results


The tensile mechanical properties of the CF-PEEK and 20CF–2.5CNF-PEEK composites, along with the corresponding representative tensile stress–strain curves, are shown in Figure 5. With the addition of CF to the PEEK, the average tensile modulus and tensile strength increase linearly; however, % strain at fracture decreases, which is typical for fiber-reinforced PMCs. Notably, polymers produced using this uniform, high shear injection molding method attain significantly higher % strain at fracture than quoted by the manufacturer [21]. In this case, PEEK has a % strain at fracture of 120%, while the manufacturer simply states >50%. For 20CF-PEEK, tensile modulus and strength increase to 14.1 GPa ± 2.4 GPa and 161 MPa ± 15.5 MPa, respectively, matching the average tensile modulus, 14.3 GPa ± 0.6 GPa, and tensile strength, 161 MPa ± 2 MPa, of 20CF–2.5CNF-PEEK. Interestingly, addition of 2.5 wt. % CNF to 20CF-PEEK enhances ductility, while maintaining similar modulus and strength values as 20CF-PEEK, as seen in Figure 5b. This is likely due to CNFs acting as bridges throughout the matrix, thereby increasing the composite’s shear rigidity and improving the load transfer at higher strains [24].


Figure 5. Average tensile modulus and strength for varying wt. % CF in PEEK and the 20CF–2.5CNF-PEEK (a); and the corresponding representative stress–strain curve for those samples (b).
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The tensile mechanical properties of the CNF-PEEK and 20CF–2.5CNF-PEEK composites, along with the corresponding representative stress–strain curves, are found in Figure 6. The addition of CNF to PEEK resulted in a slight linear increase to the average tensile modulus and tensile strength from that of neat PEEK. For 5CNF-PEEK, tensile modulus and strength increase to 4.45 GPa ± 0.25 GPa and 96 MPa ± 3.7 MPa, respectively, showing agreement with reported values [16]. All concentrations of the CNF-PEEK composites are more ductile than 20CF–2.5CNF-PEEK, as shown in Figure 6b. This supports the observation that CNFs likely act as bridges throughout the matrix due to good interfacial bonding between the fibers and the matrix, as well as kinks on the CNF surface impeding fiber pullout, and that CFs provide the main load bearing capability [24].


Figure 6. Average tensile modulus and strength for wt. % CNF in PEEK and the 20CF–2.5CNF-PEEK (a); and the corresponding representative stress–strain curves for those samples (b).
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The 20CF–2.5CNF-PEEK multi-scale composite combines the stiffening, reinforcing effect of the CF and the enhanced ductility effect of the CNF, as shown in the stress–strain curves in Figure 7a. The most ductile composite in Figure 7a is 2CNF-PEEK, fracturing at 20% strain; however, tensile modulus and strength are the lowest. With the same CF concentration, 20CF-PEEK and 20CF–2.5CNF-PEEK have similar high values for tensile modulus and strength; however, addition of 2.5 wt. % CNF to 20CF-PEEK regains some of the lost ductility, or toughness. Toughness is measured by the area under the stress–strain curve, which is known to decrease with the addition of fibers to a polymer matrix. Remarkably, the addition of 2.5 wt. % CNF to 20CF-PEEK increases toughness (Figure 7b).


Figure 7. Tensile results of 20CF-PEEK, 20CF–2.5CNF-PEEK, and 2CNF-PEEK (a) tensile stress–strain curves and (b) toughness.
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In general, CF and CNF reinforcement of PEEK using this novel injection molding method enhances mechanical properties; however, ideal fiber reinforcement in composites is not practically attainable. At best, law of mixtures performance is targeted when fabricating composites [25]. Ideal fiber reinforcement efficiency depends on fiber chemistry; fiber length, diameter, and cross-sectional geometry [26]; fiber surface chemistry and topography [4]; and fiber geometrical and spatial characteristics within the composite, including concentration, distribution, orientation, and the presence of voids or other processing side effects [25,27]. More specifically, there has been much effort in optimizing surface, or interfacial, fiber–matrix chemistry to attain better adhesion and subsequently enhanced performance. Ideal fiber reinforcement efficiency will always be limited by fiber–matrix interaction.




3.3. Impact Resistance Results


Average Izod impact resistance is shown in Figure 8 for the CF-PEEK, CNF-PEEK, and 20CF–2.5CNF-PEEK composites. All specimens in the composite samples underwent complete fracture, while all PEEK specimens underwent a hinge fracture type. Notably, the impact resistance of 20CF–2.5CNF-PEEK is vastly higher, 855 J/m ± 70 J/m, than that of any concentration of CF-PEEK and CNF–PEEK. Multi-scale CF–CNF reinforcement of PEEK provides a synergistic effect, and we suggest this is due to (1) intimate fiber–matrix interaction and (2) CNFs that are well-dispersed and distributed within 20CF-PEEK, providing a bridging effect and more tortuous path for crack propagation.


Figure 8. Notched Izod impact resistance comparison for 20CF–2.5CNF-PEEK and (a) CF-PEEK and (b) CNF-PEEK.
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3.4. Dynamic Mechanical Torsion Results


Dynamic mechanical torsion results for PEEK and 20CF–2.5CNF-PEEK are shown in Figure 9. Storage modulus increases with multi-scale CF and CNF reinforcement of PEEK before and after the glass transition temperature, Tg. The Tg is measured as 154 °C for PEEK and 146 °C for 20CF–2.5CNF-PEEK, as indicated by the peak maximum of the tan delta curves. This slight decrease in Tg is indicative of molecular motion occurring at a lower temperature in 20CF–2.5CNF-PEEK, since bulk crystallization may have been inhibited due to the large CF and CNF weight concentrations in the matrix.


Figure 9. Dynamic mechanical torsion comparison for PEEK and 20CF–2.5CNF-PEEK.
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4. Conclusions


In summary, a uniform, high shear melt-processing method was used to produce well-mixed nanocomposites of CF in PEEK, CNF in PEEK, and a multi-scale composite of 20 wt. % CF and 2.5 wt. % CNF in PEEK. SEM observations indicate that CF and CNF were well mixed (dispersed and distributed), separately and together within PEEK, resulting in intimate fiber–matrix interaction and surface crystallization of PEEK from the CF and CNF surfaces and ends.



Tensile modulus and ultimate tensile strength are greatly enhanced with the addition of CF to PEEK. For 20CF-PEEK, tensile modulus and strength increased by 350% and 160%, respectively, in comparison with PEEK; however, strain at break decreased significantly, as is typical with fiber-reinforced composites. On the other hand, CNF-PEEK composites exhibit only a slight increase in tensile modulus and strength but retain much more ductility.



The multi-scale-reinforced composite of 20CF–2.5CNF-PEEK combines both effects and exhibits high modulus and strength, similar to 20CF-PEEK, but with increased ductility due to the CNF reinforcement. Further, the 20CF–2.5CNF-PEEK multi-scale composite has the highest Izod impact resistance, as compared with CF-PEEK, CNF-PEEK, and PEEK, indicating the highest resistance to crack propagation and highest impact energy absorption capability. In essence, multi-scale carbon reinforcement of PEEK, using high shear processing, provides a superior composite to traditional fiber-reinforced composites.
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