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Abstract

:

Additive manufacturing provides a novel and robust way to prepare medical product with anatomic matched geometry and tailored mechanical performance. In this study, the surface characteristics, microstructure, and mechanical properties of fused deposition modeling (FDM) prepared polyether-ether-ketone (PEEK) were systematically studied. During the FDM process, the crystal unit cell and thermal attribute of PEEK material remained unchanged, whereas the surface layer generally became more hydrophilic with an obvious reduction in surface hardness. Raster angle has a significant effect on the mechanical strength but not on the failure mechanism. In practice, FDM fabricated PEEK acted more like a laminate rather than a unified structure. Its main failure mechanism was correlated to the internal voids. The results show that horizontal infill orientation with 30° raster angle is promising for a better comprehensive mechanical performance, and the corresponding tensile, flexural, and shear strengths are (76.5 ± 1.4) MPa, (149.7 ± 3.0) MPa, and (55.5 ± 1.8) MPa, respectively. The findings of this study provide guidelines for FDM-PEEK to enable its realization in applications such as orthopedic implants.
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1. Introduction


Polyether-ether-ketone (PEEK) is a potential biomaterial that could replace traditional metal or ceramic parts for biomedical applications due to its excellent biocompatibility and desirable mechanical properties [1,2,3,4,5]. Compared with traditional injection molding and extrusion technology, additive manufacturing (AM) offers a number of advantages for designing and manufacturing customized and complex functional parts with greater flexibility and low manufacturing cost [6,7,8]. Among all the AM manufacturing methods, Gao W et al. reported that fused deposition modeling (FDM) is the most commonly used and low-cost 3D printing technology for thermoplastic materials, which has been an alternative method to process PEEK parts [9,10]. However, a number of challenges still exist in successfully realizing FDM printed PEEK owing to its high melting temperature, great melting expansion, and especially its microstructural packing state [11]. Currently, the influence of printing parameters on the formability and mechanical properties are attracting more and more interest, which should be investigated thoroughly to enlarge the biomedical applications of FDM printed PEEK.



In order to investigate processing PEEK on a 3D printer for thermoplastic modelling, Valentan et al. developed a new FDM machine to produce PEEK medical implants, and the mechanical properties of manufactured products were investigated. The results showed that the strength of the FDM-PEEK samples was approximately half of the tensile strength of molded PEEK [12]. Vaezi et al. expressed that thermal conditions (e.g., extrusion temperature and ambient temperature) need to be carefully controlled in order to ensure good interlayer bonding and to minimize warpage and delamination [13]. Because the temperature fluctuations directly affected interlayer bonding, Kumar et al. investigated the effect of process parameters (chamber temperature, bed temperature, screw speed, deposition speed, standoff distance between nozzles, and bed surface) on layer bonding, layer thickness, and width during the fused layer modeling process [14]. Wu et al. showed that the chamber temperature has more influence on the warping deformation of FDM-PEEK samples than that the nozzle temperature does, and the warping deformation of FDM-PEEK samples reduces with increasing chamber temperature, whereas it has the tendency of a parabola going upwards with increasing nozzle temperature [15]. Moreover, the research from Hu and his colleagues show that the uniformity of temperature field during FDM printing was essential to ensure the high mechanical performance of PEEK [16], and a heat controller could be used to monitor the extrusion temperature.The melting condition and fluidity of PEEK during FDM fabrication were investigated by employing finite element analysis [17]. The parameters of a heating temperature of 440 °C, printing speed of 20 mm/s, and printing layer thickness of 0.1 mm are recommended to reduce the internal defects and improve the bonding strength and surface finish. Yang et al. investigated the relationship between various thermal processing conditions (the ambient temperature, the nozzle temperature, and heat treatment methods) in the FDM process and crystallinity and mechanical properties (tensile strength, elastic modulus, and breaking elongation) of pure PEEK material [18].



Apart from above noted printing parameters, the mechanical performances of PEEK products are significantly affected by the infill ratio, building orientation, and raster angle [19,20,21]. Micro-CT scan confirmed that under 100% infill ratio, there are still some internal voids presented, regardless of the applied building orientation [20]. In term of macroscopic mechanical performance, the consistency of printing direction and loading direction is important [21]. Wu et al. studied the influence of layer thickness (200, 300, and 400 μm) and raster angle (0°, 30°, and 45°) on the mechanical properties (tensile, compressive, and bending strengths) of FDM printed PEEK [22]. The results expressed that the optimal mechanical properties of PEEK were found in samples with a 300 μm layer-up thickness and a raster angle of 0°/90° while only focusing on the tensile strength and bending strength, which is not sufficient to evaluate the comprehensive performance of PEEK. All of these studies have significantly contributed to understanding the effects of temperature on the design, control, and realization of FDM printing PEEK, some of which even investigated the printing parameters on the mechanical performance of PEEK printed parts.



In addition to the mechanical performance, the biocompatibility of FDM printed PEEK has been studied in different in-vitro cell culture experiments [23,24]. Significant increases in cell adhesion, metabolic activity, and proliferation have been observed after 5 days exposure in an osteoblast cell line [23]. Moreover, Zhao had stated that no cytotoxic products were found during FDM-PEEK fabrication [24]. These preliminary findings are favorable for the adoption of FDM-PEEK in the orthopedic field, but long-term animal trials are still needed. When PEEK is applied as an implant, appropriate surface layer characteristics and surface finish are essential. For instance, surface roughness and wettability are closely related to the cell attachment and protein absorption, which in turn affect the overall host tissue response [25]. In addition, surface layer hardness is a key index of wear resistance, which indirectly determines the service life of an artificial joint [26]. However, little information exists on surface characteristics of FDM printed PEEK.



The aforementioned research mainly focused on investigating the influence of FDM process parameters (ambient temperature, nozzle temperature, printing speed, printing layer thickness, etc.) on the mechanical properties of PEEK printed parts. However, current research on the mechanical properties, microstructure, and surface quality of PEEK parts is insufficient. There is a lack of research on the shear strength and surface characteristics of FDM-PEEK, in particular; the basic failure mechanism is presented with little detail. In the current study, the mechanical properties (tensile, flexural, and shear) and surface layer attributes (wettability, hardness, and roughness) of FDM-PEEK were systematically evaluated. Series of mechanical tests were performed, followed by appropriate material examination and surface layer characterization to investigate the influences of the FDM process on the micro-structure and failure mechanism of PEEK. The potential effects of raster angle on the bulk mechanical strength and surface layer attributes of PEEK product were investigated as well.




2. Experiential Methods


Test samples were manufactured by a P220 FDM printer (Apium Additive Technologies GmbH, Karlsruhe, Germany) using PEEK filaments (Apium® PEEK 450 Natural) with a diameter of 1.75 mm. The printing accuracy of the printer is ±0.05 mm. Sample geometries were produced in the x-y plane based on the corresponding standard of each test described below (for tensile testing samples ISO527-2 (2012); for flexural testing samples ISO178 (2010); for shear testing samples ASTM-D5379M (2012); and the disc samples standard is based on the fixture of the friction-abrasion testing machine), as shown in Figure 1, which allowed us to evaluate the mechanical properties of the samples against existing data for injection molded PEEK. The adopted FDM processing conditions and parameters used for PEEK specimens in this research are provided in Table 1.



Figure 2 gives the FDM configurations for tension specimens with four different raster angles (PEEK-XY-0°, PEEK-XY-90°, PEEK-XY-30°, and PEEK-XY-45°). In this study, raster angle 0° denotes the printing path is along the X direction (horizontal direction), and raster angle of 90° indicates the printing path is along the Y direction (vertical direction). The printing path is the same for all the layers of specimens with raster angle 0° (named as PEEK-XY-0°) and raster angle 90° (named as PEEK-XY-90°). In contrast, raster angle 30° (named PEEK-XY-30°) stands for +30°/−30° cross angle printing, which means one layer’s printing path is +30° to the X direction and subsequent layer’s printing path is −30° to the X direction, and this loop iterates until the printing ends. Printing path of PEEK-XY-45° follows the same definition as PEEK-XY-30°. Only one shell consisting of three filaments (approximately 1.2 mm width) was used to create the outline contour. Subsequently, 100% infill was applied to fabricate testing specimens. The final dimension accuracy of the FDM printed testing specimen is ±0.1 mm. Five specimens for each raster angle are prepared, which are the same for other tests. Prior to surface inspection, disc samples were rinsed twice in distilled water and ultrasonically cleaned in a propan-2-ol bath for 20 min. Finally, they were wiped with acetone and placed in a dust-free container to dry naturally [27]. In this research, one-way ANOVA with pair-wise multiple comparison was adopted to compare the results. All the statistical analysis was performed using Sigma-plot Version 11.0 (Systat Software Inc., Palo Alto, CA, USA), the significance level was set at p < 0.05, and an error bar was used to represent the standard deviation. Moreover, injection molded PEEK parts were selected as a comparison using the same PEEK 450G as the FDM printed PEEK.



2.1. Physical Properties


2.1.1. Micro-Structure and Thermal Properties


Micro-structural analysis was conducted with the intention to study the influence of the FDM fabrication process on the crystal unit cell structure of PEEK polymer. A D/max 2200PC XRD instrument (Rigaku Corporation, Tokyo, Japan) with a CuKα radiation source of 1.524 Å was utilized. The working voltage and current were 40 kV and 40 mA, respectively. A scan range of 5–50° and a step of 0.02° were adopted.



The thermal properties of FDM printed PEEK parts are determined by a differential scanning calorimeter (DSC-1, Mettler Toledo, Columbus, OH). A scan rate of 50 °C·min−1 was chosen in order to minimize the effect of molecular reorganization and recrystallization [28]. Only one heating scan was conducted, and the obtained thermal graphs were used to determine the thermal attributes of PEEK 450G and FDM fabricated PEEK.




2.1.2. Crystallinity


From the collected thermograms obtained by DSC, the peak area between 200 and 400 °C was used to calculate the bulk crystallinity, according to Equation (1).


   X c  =   Δ  H f    Δ  H c    × 100 %  



(1)




where Xc is the crystallinity of PEEK, ΔHf is the heat of fusion, and ΔHc is the theoretical heat of fusion of 100% crystalline PEEK (130 J/g) [29].



Non-destructive Raman spectroscopy (DXR, Thermo Scientific, Madison, WI, USA) was then used to indirectly measure the surface layer crystallinity of FDM fabricated PEEK. A helium-neon 532 nm laser source and a 900 line·mm−1 holographic grating were used. Forty examination points were evenly assigned across the specimen. The peak intensity ratio between the C–O–C group (1146 cm−1) and the phenol ring (1598 cm−1) was used as an indication [30].




2.1.3. Surface Characteristics (Surface Roughness, Hardness, and Wettability)


Surface roughness was measured using a contact typed roughness measuring device (Mar Surf M 300C, Mahr GmbH, Göttingen, Germany) with a 2 μm radius diamond stylus and an examining area of 4 × 4 mm2. A Gaussian filter (cut-off length 0.8 mm) was used to separate roughness from waviness [31]. Special attention should be paid to avoid the scratching of the surface when using the contact typed roughness measuring device. If the experimental conditions allow, a non-contact technique such as the AFM and optical profilometry are suggested to be used for surface roughness measuring. The surface layer hardness was measured using a shore-D hardness tester (LXD-A, SHSIWI Ltd., Shanghai, China), and ten examination points were randomly selected.



With the intention to quantify the surface wettability of FMD fabricated PEEK, the static contact angle and surface energy were determined with respect to distilled water at room temperature. A contact angle instrument (OCA20, Dataphyscs, Filderstadt, Germany) was used and 20 examination points were randomly taken from the surface of the disc sample.





2.2. Mechanical Tests


The tensile, flexural, fractural, and shear responses of FDM printed PEEK were investigated following the appropriate ISO guidelines for polymeric materials.



2.2.1. Tensile Testing


According to ISO527-2 (2012) [32], PT-1036PC universal testing machine (Baoda Ltd., Guangzhou, China) was used for tensile test at a strain rate of 1%· min−1 under an ambient temperature of 20 °C to compare tensile behavior of FDM printed PEEK with other available AM materials and techniques. A type 1BA specimen was chosen and the gauge length was 25 mm; each of the specimen configurations was tested at least three times to assess repeatability. After tensile tests, the micromorphology of fractured printed samples was observed using scanning electron microscopy (Verios 460 SEM, FEI, Hillsboro, OR, USA) to investigate the influence of raster angle on the fracture mechanism of FDM fabricated PEEK. As the fracture mechanism is always closely related to its internal defect, the gauge section of tensile specimen was examined via Micro-CT scanning (Y.Cheetah, Feinfocus, Hamburg, Germany) to observe its internal defect, which can help to explain the basic failure mechanism of PEEK specimens fabricated by FDM.




2.2.2. Flexural Testing


The flexural test specimens were printed at the size of 80 × 10 × 4 mm3 with four different raster angles. Three-point flexural tests were conducted according to ISO178 (2010) standard procedure on a PT-1036PC universal testing machine at a constant crosshead speed of 1 mm·min−1 to compare the bending behavior (flexural strengthen) of four different raster angles of FDM-PEEK [33].




2.2.3. Shear Testing


Shear test was conducted according to ASTM-D5379M (2012) [34] on the Instron 8801 fatigue testing machine (Instron Ltd., Norwood, MA, USA) at a loading rate of 2 mm·min−1. Standard v-notched beam test coupons were fabricated by FDM with four different raster angles (PEEK-XY-0°, PEEK-XY-30°, PEEK-XY-45°, and PEEK-XY-90°); the test specimens were then loaded to failure. Each specimen configuration was tested at least three times to ensure the test consistency, and loading force and shear strain were recorded throughout the test.






3. Results and Discussion


3.1. Physical Properties


3.1.1. Micro-Structure and Thermal Properties


It is well documented that the polymer backbone of PEEK exhibits a zigzag spatial configuration, and its crystal unit cell has an orthorhombic structure [35]. From Figure 3, it is obvious that the diffraction patterns of FDM printed PEEK parts were similar with that of injection molded PEEK (i.e., PEEK 450G). Visible diffraction peaks were observed at 2θ (around 19°, 21°, 23°, and 29°), which corresponded to the 110, 111, 200, and 211 planes, respectively. In addition, the obtained thermograms, which were taken from the first heating scan, were similar among PEEK 450G and FDM printed PEEK parts. As shown in Figure 4, a single melting endotherm (near 340 °C) was always seen and no recrystallization exotherm was observed. For PEEK 450G, the obtained DSC results are in good compliance with the literature findings [35,36]. According to the XDR and DSC analysis, we can conclude that the micro-structure and thermal attributes of PEEK material were not altered during the FDM fabrication process.




3.1.2. Crystallinity


The bulk crystallinities of FDM fabricated PEEK were calculated to range from 23.53% to 27.76%. These values are relative smaller than those of the injection molded PEEK 450G (reported as from 31.9% to 40.5%) [36]. However, the obtained I1146/I1598 ratios (as listed in Table 2) indicate FDM fabrication did not lead to significant alteration in the surface layer crystallinity of PEEK. The differences in bulk and surface layer crystallinity results are likely due to the skin and core effect. In addition, the reduction in bulk crystallinity is probably caused by the utilization of a relative lower bed temperature [18]. PEEK is a linear semi-crystalline thermoplastic, and its mechanical strength is mainly contributed by the crystal phase [37]. The reduction in bulk crystallinity may lead to deterioration in the mechanical performance. Additional post-fabrication thermal treatment can be used to overcome this issue.




3.1.3. Surface Characteristics


Hardness is not only the comprehensive mechanical property index of material, but also the most important factor affecting the wear resistance of material. As shown in Figure 5, the surface layer hardness of PEEK was significant reduced (p ≤ 0.028) when applying FDM. The deterioration of surface mechanical properties may lead to excessive wear and cause premature failure of artificial joint prosthesis. A detailed comparative tribological investigation is needed to further assess the wear potential of FDM fabricated PEEK.



As listed in Table 3, the initial surface roughness of FDM printed PEEK parts were in sub-micro level (Ra from 0.613 to 0.667 μm) and met the basic surface quality requirement of polymeric prothesis. For NuNec® PEEK self-mating disc prothesis prepared by injection molding and machining, its surface roughness was documented as Ra ≤ 0.585 μm [31]. After polishing treatment, Ra can be further reduced to the range of 0.106 to 0.155 μm. This result agreed well with other literature using the same P220 FDM printer. The reported Ra surface roughness of the polished PEEK sample was (0.17 ± 0.08) μm [23].



The contact angle measurements of PEEK 450G and FDM printed PEEK parts are shown in Figure 6. Apart from PEEK-XY-30°, there was no significant alteration in contact angle when adopting FDM fabrication. PEEK-XY-30° became more hydrophilic than that of injection molded PEEK 450G. Among the three different raster angles, XY-30° led to the smallest contact angle with the highest surface energy, which was favorable for cellular adhesion. For a successful artificial implant, adequate wettability is essential for ensuring good host tissue response. The surface layer should not be either extremely hydrophobic or hydrophilic so it is conducive to protein absorption and reorientation [38].





3.2. Mechanical Properties


3.2.1. Tensile Testing


The tensile stress-strain curves of PEEK specimens with varied raster angles are depicted in Figure 7. It was obvious that PEEK specimens only exhibited linear elastic deformation, regardless of the raster angle. PEEK-XY-0° has the highest tensile strength value of (82.0 ± 3.8) MPa, which is roughly about 82% of that of the injection molded PEEK 450G (i.e., 100 MPa). In comparison, PEEK-XY-90° possesses the lowest tensile strength of (58.9 ± 2.7) MPa, which is significantly smaller than other groups (p < 0.01). PEEK-XY-30° and PEEK-XY-45° exhibit moderate tensile strengths, (76.5 ± 1.4) MPa and (76.2 ± 0.9) MPa, with no statistical difference. It can be concluded that raster angles have an important impact on the tensile performance of PEEK specimens. This finding is in accordance with the published literature [20,21]. In practice, FDM fabricated PEEK acts as a laminated structure rather than a unified structure. The maximum sustainable force is along the filament infill direction, whereas the bonding strength between the filaments is weak.



To further study the influence of raster angle on the fracture mechanism of FDM fabricated PEEK, SEM fractography was performed. The cross-section views of fractured tensile specimens are shown in Figure 8. Stratification-like appearance with a clear lamellar boundary was seen in each group. Moreover, inter-lamina gaps and intra-lamina voids were the common features. Among the four groups, PEEK-XY-0° was relatively rougher and uneven (Figure 8a). This was mainly because the direction of tensile loading was parallel to the raster angle, thus the infilled PEEK filament was under uniaxial loading with a larger strain (refer to Figure 7). For PEEK-XY-90°, the direction of tensile loading was perpendicular to the raster angle, thus the external force was sustained only by the weak inter-lamina bonding strengths.



Despite the differences in adopted raster angle, the basic fracture mechanism of each group was still the same. As shown in Figure 9, cracks initiated and propagated along the fracture direction, until they reached rapid fracture zone. Moreover, the parabolic-like feature (Figure 9c) indicated the growth of a crack. This kind of fracture mechanism was also reported by Wang and his colleagues [17] when studying the tensile mechanical performance of PEEK prepared by a customized FDM printer. In contrast with the PEEK 450G [17,37], void nucleation was not observed in FDM fabricated PEEK. Cracks may originate from the internal defect related stress concentration site. Void, as one type of internal defect, is commonly found in PEEK studies using either FDM [19,39] or SLS [40] techniques. In practice, the fracture mechanism obeyed by PEEK is always closely related to its internal defect.



In this study, 100% infill ratio was used to produce compact tensile specimens. However, according to the CT scan results (Figure 10), internal defects (i.e., gap and void) always present. In term of volume content, they were generally less than 1%; XY-0° raster angle resulted in the minimum defect content (0.44 vol.%). The sizes of the defects were observed in the range of 0 to 0.05 mm3, and the majority of them were less than 0.01 mm3. Moreover, lager defects were always found near the bottom and top surface layers of the specimen. This may be due to the large thermal mismatch during PEEK filament deposition [20]. Post-treatment (e.g., hot isostatic pressing) can be used to densify FDM fabricated PEEK, and thus improve its mechanical strength.




3.2.2. Flexural Testing


The obtained three-point bending test results are shown in Figure 11. Among the four raster angles, XY-90° resulted in the lowest flexural strength (86.0 ± 2.1) MPa, which is significantly smaller than that of others (p < 0.001). In contrast, there is no significant difference between PEEK-XY-0°, PEEK-XY-30°, and PEEK-XY-45° (p ≥ 0.516). The recorded flexural strengths are in the range of 146.8 to 149.7 MPa. This agrees well with other PEEK FDM studies: (142.0 ± 5.6) MPa for XY-0° [21], and relatively higher than that of SLS prepared PEEK ((123.0 ± 2.5) MPa) [40]. In comparison with annealed PEEK 450G ((167.2 ± 7.7) MPa [41]), there is at least a 10% reduction in the flexural strength when using FDM fabrication. During the flexural test, the superior and inferior laminae of PEEK specimens are under contraction and tension, respectively. The impact mechanism of raster angle on the exhibited flexural strength is similar to that of tensile strength.




3.2.3. Shear Testing


In Figure 12a, the recorded shear stresses are plotted against the shear strains. Raster angle of XY-30°results in the optimal shear performance ((55.5 ± 1.8) MPa), whereas XY-90° leads to the worst ((34.1 ± 1.1) MPa). Raster angles of XY-0° and XY-45° had moderate results and were in between them. As shown in Figure 12b, vertical load is applied to the PEEK laminae during the shear test, which generates shearing force in the G12 plane. Stretch-based plastic deformation was visible in the central region of the tested coupon, but no fracture or delamination occurred. This is likely due to the good ductility of the PEEK filament. The in-plane shear force is supported by the week inter-lamina bonding strength. The PEEK coupon is under flexural bending.



According to the mechanical results, it can be concluded that the raster angle does not affect the failure behavior of the FDM fabricated PEEK sample, but only affects the mechanical properties at the macro structural level. The consistency between the infill direction and the direction of external force has a significant impact on the ultimate mechanical strength. Indeed, the mechanical properties of FDM fabricated PEEK still depend on many other factors, such as the filament quality, nozzle diameter, printing speed, printing layer thickness, printing temperature, infill ratio, etc. [17,20,40,42].






4. Conclusions


In this paper, a systematic evaluation of FDM printed PEEK parts was conducted in term of micro-structure, surface characteristics, and mechanical properties, in order to investigate the potential effects of raster angle on the macro and micro structural level of PEEK. The results show that the FDM process does not cause alteration in the micro-structure and thermal properties of PEEK material, but does change the bulk crystallinity, which can only reach about 70% of the injection molded PEEK 450G. Surface layer hardness also shows an obvious reduction regardless of the raster angle used. PEEK-XY-30° became more hydrophilic and contributed to the cellular adhesion. Raster angle has shown a significant effect on the mechanical strength, because the FDM-PEEK component is more like a laminated structure, rather than a unified structure. The main fracture behavior is related to the internal defects and the inter-lamina bonding strength. Voids within the PEEK filament can act as stress concentration sites to promote the formation of micro-cracks, which significantly reduce the mechanical strength. The findings of this study can provide guidelines for FDM-PEEK to enable its realization in applications such as orthopedic implants.







Author Contributions


Conceptualization, S.G., H.X. and J.J.; software, R.L. and Y.W.; validation, H.X. and R.L.; formal analysis, S.G. and H.L.; investigation, S.G. and Y.W.; resources, J.J.; data curation, H.L. and Y.W.; writing—original draft preparation, S.G. and R.L.; writing-review and editing, H.X., S.G., R.L. and J.J.; supervision, H.X.; project administration, S.G. and H.X.; funding acquisition, S.G. and H.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Young fund of Natural Science Foundation of Shaanxi province, China, grant numbers 2020JQ-728 and 2020JQ-701, and the Open Fund of State Key Laboratory of Applied Optics, China, grant number SKLAO2020001A09.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kurtza, S.M.; Devine, J.N. PEEK biomaterials in trauma, orthopedic, and spinal implants. Biomaterial 2007, 28, 4845–4869. [Google Scholar] [CrossRef]

	



Jeffrey, M. Biocompatibility of Polyaryletheretherketone Polymers. In PEEK Biomaterials Handbook; Kurtz, S.M., Ed.; William Andrew Publishing: Oxford, UK, 2012; pp. 81–92. [Google Scholar]

	



Guevara-Rojas, G.; Figl, M.; Schicho, K.; Seemann, R.; Traxler, H.; Vacariu, A.; Carbon, C.C.; Ewers, R.; Watzinger, F. Patient-specific polyetheretherketone facial implants in a computer-aided planning workflow. J. Oral Maxillofac. Surg. 2014, 72, 1801–1812. [Google Scholar] [CrossRef]

	



Evans, N.T.; Torstrick, F.B.; Lee, C.S.; Dupont, K.M.; Safranski, D.L.; Chang, W.A.; Macedo, A.E.; Lin, A.S.; Boothby, J.M.; Whittingslow, D.C.; et al. High strength, surface-porous polyether-ether-ketone for load-bearing orthopedic implants. Acta Biomater. 2015, 28, 159–167. [Google Scholar] [CrossRef]

	



Chen, X.; Xu, L.; Wang, Y.; Hao, Y.; Wang, L. Image-guided installation of 3D-printed patient-specific implant and its application in pelvic tumor resection and reconstruction surgery. Comput. Methods Programs Biomed. 2016, 1, 66–78. [Google Scholar] [CrossRef]

	



Low, Z.; Chua, Y.T.; Ray, B.M.; Mattia, D.; Metcalfe, I.S.; Patterson, D.A. Perspective on 3D printing of separation membranes and comparison to related unconventional fabrication techniques. J. Membr. Sci. 2017, 523, 596–613. [Google Scholar] [CrossRef]

	



Garg, B.; Mehta, N. Current status of 3D printing in spine surgery. J. Clin. Orthop. Trauma 2018, 9, 218–225. [Google Scholar] [CrossRef]

	



Singh SPrakash, C.; Ramakrishna, S. 3D printing of polyether-ether-ketone for biomedical applications. Eur. Polym. J. 2019, 114, 234–248. [Google Scholar] [CrossRef]

	



Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Williams, C.B.; Williams, C.B.; Wang, C.C.L.; Shin, Y.S.; Zhang, S.; Zavattieri, P.D. The status, challenges, and future of additive manufacturing in engineering. Comput. Aided Des. 2015, 69, 65–89. [Google Scholar] [CrossRef]

	



Turner, B.N.; Strong, R.; Gold, S.A. A review of melt extrusion additive manufacturing processes: I. process design and modeling. Rapid Prototyp. J. 2014, 20, 192–204. [Google Scholar] [CrossRef]

	



Garcia-Gonzalez, D.; Rusinek, A.; Jankowiak, T.; Arias, A. Mechanical impact behavior of polyether–ether–ketone (PEEK). Compos. Struct. 2015, 124, 88–99. [Google Scholar] [CrossRef]

	



Valentan, B.; Kadivnik, Z.; Brajlih, T.; Anderson, A.; Drstvenšek, I. Processing poly (ether etherketone) on a 3d printer for thermoplastic modelling. Mater. Tehnol. 2013, 47, 715–721. [Google Scholar]

	



Vaezi, M.; Yang, S.F. Extrusion-based additive manufacturing of PEEK for biomedical applications. Virtual Phys. Prototyp. 2015, 10, 123–135. [Google Scholar] [CrossRef]

	



Kumar, N.; Jain, P.K.; Tandon, P.; Pandey, P.M. The effect of process parameters on tensile behavior of 3D printed flexible parts of ethylene vinyl acetate (EVA). J. Manuf. Process 2018, 35, 317–326. [Google Scholar] [CrossRef]

	



Wu, W.Z.; Geng, P.; Zhao, J.; Zhang, Y.; Rosen, D.W.; Zhang, H.B. Manufacture and thermal deformation analysis of semicrystalline polymer polyether ether ketone by 3D printing. Mater. Res. Innov. 2014, 18, S5-12–S5-16. [Google Scholar] [CrossRef]

	



Hu, B.; Duan, X.B.; Xing, Z.H.; Xu, Z.Y.; Du, C.; Zhou, H.M.; Chen, R.; Shan, B. Improved design of fused deposition modeling equipment for 3D printing of high-performance PEEK parts. Mech. Mater. 2019, 137, 103139. [Google Scholar] [CrossRef]

	



Wang, P.; Zou, B.; Xiao, H.C.; Ding, S.L.; Huang, C.Z. Effects of printing parameters of fused deposition modeling on mechanical properties, surface quality, and microstructure of PEEK. J. Mater. Process. Technol. 2019, 271, 62–74. [Google Scholar] [CrossRef]

	



Yang, C.; Tian, X.; Li, D.; Cao, Y.; Zhao, F.; Shi, C. Influence of thermal processing conditions in 3d printing on the crystallinity and mechanical properties of peek material. J. Mater. Process. Technol. 2017, 248, 1–7. [Google Scholar] [CrossRef]

	



Ding, S.L.; Zou, B.; Wang, P.; Ding, H.J. Effects of nozzle temperature and building orientation on mechanical properties and microstructure of PEEK and PEI printed by 3D-FDM. Polym. Test. 2019, 78, 105948. [Google Scholar] [CrossRef]

	



Rinaldia, M.; Ghidinic, T.; Cecchinia, F.; Brandaoc, A.; Nanni, F. Additive layer manufacturing of poly (ether ether ketone) via FDM. Compos. B Eng. 2018, 145, 162–172. [Google Scholar] [CrossRef]

	



Arif, M.F.; Kumar, S.; Varadarajan, K.M.; Cantwell, W.J. Performance of biocompatible PEEK processed by fused deposition additive manufacturing. Mater. Des. 2018, 146, 249–259. [Google Scholar] [CrossRef]

	



Wu, W.; Geng, P.; Li, G.; Zhao, D.; Zhang, H.; Zhao, J. Influence of layer thickness and raster angle on the mechanical properties of 3D-printed PEEK and a comparative mechanical study between PEEK and ABS. Materials 2015, 8, 5834–5846. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.T.; Sharma, N.; Xu, Z.Q. An In Vitro Study of Osteoblast Response on Fused-Filament Fabrication 3D Printed PEEK for Dental and Cranio-Maxillofacial Implants. J. Clin. Med. 2019, 8, 771. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, F.; Li, D.C.; Jin, Z.M. Preliminary Investigation of Poly-Ether-Ether-Ketone Based on Fused Deposition Modeling for Medical Applications. Materials 2018, 11, 288. [Google Scholar] [CrossRef]

	



Spriano, S.; Chandra, V.S.; Cochis, A.; Uberti, F.; Rimondini, L.; Bertone, E.; Vitale, A.; Scolaro, C.; Ferrari, M.; Cirisano, F.; et al. How do wettability, zeta potential and hydroxylation degree affect the biological response of biomaterials. Mater. Sci. Eng. C 2017, 74, 542–555. [Google Scholar] [CrossRef]

	



Cui, W.; Bian, Y.Y.; Zeng, H.K.; Zhang, X.G.; Zhang, Y.L.; Weng, X.S.; Xin, S.X.; Jin, Z.M. Structural and tribological characteristics of UHMWPE as artificial joint materials. J. Mech. Behav. Biomed. Mater. 2020, 104, 103629. [Google Scholar] [CrossRef]

	



Xin, H.; Shepherd, D.E.T.; Dearn, K.D. A tribological assessment of a PEEK based self-mating total cervical disc replacement. Wear 2013, 303, 473–479. [Google Scholar] [CrossRef]

	



Chen, M.; Chung, C.T. Crystallinity of isothermally and non-isothermally crystallized poly (ether ether ketone) composites. Polym. Compos. 1998, 19, 689–697. [Google Scholar] [CrossRef]

	



Blundell, D.J.; Osborn, B.N. The morphology of poly (aryl-ether-ether-ketone). Polymer 1983, 24, 953–958. [Google Scholar] [CrossRef]

	



Doumeng, M.; Ferry, F.; Delbé, K.; Mérian, T.; Chabert, F.; Berthet, F.; Marsan, O.; Nassiet, V.; Denape, J. Evolution of crystallinity of PEEK and glass-fibre reinforced PEEK under tribological conditions using Raman spectroscopy. Wear 2019, 426, 1040–1046. [Google Scholar] [CrossRef]

	



Xin, H.; Shepherd, D.E.T.; Dearn, K.D. PEEK (Polyether-ether-ketone) based cervical total disc arthroplasty: Contact stress and lubrication analysis. Open Biomed. J. 2012, 6, 73–79. [Google Scholar] [CrossRef]

	



ISO 527-2. Plastics—Determination of Tensile Properties—Part 2: Test Conditions for Moulding and Extrusion Plastics; International Standards Organization: Geneva, Switzerland, 2012. [Google Scholar]

	



ISO178. Plastics—Determination of Flexural Properties; International Standards Organization: Geneva, Switzerland, 2010. [Google Scholar]

	



ASTM-D5379M. Standard Test Method for Shear Properties of Composite Materials by the V-Notch Beam Method; American Society for Testing and Materials: West Conshohocken, PA, USA, 2012. [Google Scholar]

	



Reitman, M.; Jaekel, D.; Siskey, R.; Kurtz, S.M. Chapter 4—Morphology and crystalline architecture of Polyaryletherketones. In PEEK Biomaterials Handbook; Kurtz, S.M., Ed.; William Andrew Publishing: Oxford, UK, 2012; pp. 49–60. [Google Scholar]

	



Regis, M.; Bellare, A.; Pascolini, T.; Bracco, P. Characterization of thermally annealed PEEK and CFR-PEEK composite: Structure-properties relationships. Polym. Degrad. Stabil. 2017, 136, 121–130. [Google Scholar] [CrossRef]

	



Rae, T.P.; Brown, E.N.; Orler, E.B. The mechanical properties of poly (ether-ether-ketone) (PEEK) with emphasis on the large compressive strain response. Polymer 2007, 48, 598–615. [Google Scholar] [CrossRef]

	



Poulsson, A.; Richards, R.G. Chapter-10 Surface Modification Techniques of Polyetheretherketone, including plasma surface treatment. In PEEK Biomaterials Handbook; Kurtz, S.M., Ed.; William Andrew Publishing: Oxford, UK, 2012; pp. 145–162. [Google Scholar]

	



Petersmann, S.; Spoerk, M.; Van De Steene, W.; Ucal, M.; Wiener, J.; Pinter, G.; Arbeiter, F. Mechanical properties of polymeric materials produced by extrusion-based additive manufacturing. J. Mech. Behav. Biomed. 2020, 104, 103611. [Google Scholar] [CrossRef]

	



Hoskins, T.J.; Dearn, K.D.; Kukureka, S.N. Mechanical performance of PEEK produced by additive manufacturing. Polym. Test. 2018, 70, 511–519. [Google Scholar] [CrossRef]

	



Xin, H.; Shepherd, D.E.T.; Dearn, K.D. Strength of poly-ether-ether-ketone: Effects of sterilization and thermal ageing. Polym. Test. 2013, 32, 1001–1005. [Google Scholar] [CrossRef]

	



Geng, P.; Zhao, J.; Wu, W.Z.; Ye, W.L.; Wang, Y.L.; Wang, S.B.; Zhang, S. Effects of extrusion speed and printing speed on the 3D printing stability of extruded PEEK filament. J. Manuf. Process. 2019, 37, 266–273. [Google Scholar] [CrossRef]








[image: Polymers 14 00077 g001 550] 





Figure 1. The shapes and dimensions of tensile samples, bending samples, shear samples, and disc characterization samples. 
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Figure 2. The schematic diagram of the printing path with different raster angles for tensile samples. 
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Figure 3. XRD scans of PEEK 450G and FDM printed PEEK parts. 
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Figure 4. DSC thermograms of PEEK 450G and FDM printed PEEK parts. 
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Figure 5. Surface hardness of PEEK 450G and FDM fabricated PEEK parts. 
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Figure 6. Contact angles and surface energy of PEEK 450G and FDM fabricated PEEK parts. 
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Figure 7. Tensile behaviors with varied raster angles. (a) Tensile stress-strain curves; (b) average tensile strengths against raster angle. 
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Figure 8. SEM pictures of the cross-section of fractured tensile specimens. (a) PEEK-XY-0°; (b) PEEK-XY-30°; (c) PEEK-XY-45°; (d) PEEK-XY-90°. Green arrows and circles indicate the fabrication direction; blue circle indicates the loading direction. 
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Figure 9. SEM pictures of fracture mechanism. (a) The magnified view of area ‘A’ in Figure 8a; (b) the magnified view of area ‘B’ in Figure 8d; (c) the magnified view of crack tip region ‘I’; (d) the magnified view of parabolic crack growth region ‘II’. White arrow indicates the crack propagation direction. 
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Figure 10. Micro-CT scans of the gauge section of tensile specimens with different raster angle. (a) PEEK-XY-0°; (b) PEEK-XY-30°; (c) PEEK-XY-45°; (d) PEEK-XY-90°. 
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Figure 11. Flexural behaviors with varied raster angles. (a) Flexural stress-strain curves; (b) average flexural stress against raster angle. 
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Figure 12. Shear behavior with varied raster angles. (a) Shear stress-strain curves; (b) picture of v-notched beam test coupon after shear test. 
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Table 1. FDM processing parameters provided by manufacturer.
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	Printing speed
	30 mm/s



	Nozzle diameter
	0.4 mm



	Printing temperature
	485 °C



	Bed temperature
	100 °C



	Layer thickness
	0.1 mm



	Infill ratio
	100%
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Table 2. The obtained I1146/I1598 band ratios.
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	Samples
	Value





	PEEK-450G
	1.21 ± 0.13



	PEEK-XY-0°
	1.27 ± 0.28



	PEEK-XY-30°
	1.16 ± 0.12



	PEEK-XY-45°
	1.25 ± 0.26
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Table 3. The surface roughness (Ra) of FDM fabricated PEEK parts, before and after polishing.
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	Materials
	Initial (μm)
	Polished (μm)





	PEEK-XY-0°
	0.63 ± 0.11
	0.11 ± 0.03



	PEEK-XY-30°
	0.67 ± 0.19
	0.13 ± 0.03



	PEEK-XY-45°
	0.61 ± 0.05
	0.16 ± 0.02
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