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Abstract

:

The primary goal of this study is to develop and analyze 3D printed structures based on a well-known composite known as β-Tricalcium Phosphate (TCP)– polylactic acid (PLA). There are some interesting aspects of this study. First, we developed 3D printable TCP–PLA composite filaments in-house, with high reproducibility, by a one-step process method using a single screw extruder. Second, we explored the physicochemical properties of the developed TCP–PLA composite filaments. Third, we investigated the effect of an FDM-based nozzle temperature of 190 °C, 200 °C, 210 °C, and 220 °C on the composite’s crystallinity and rheological and mechanical properties. Results confirmed the successful development of constant-diameter TCP–PLA composite filaments with a homogeneous distribution of TCP particles in the PLA matrix. We observed that a higher nozzle temperature in the FDM process increased the crystallinity of the printed PLA and TCP–PLA structures. As a result, it also helped to enhance the mechanical properties of the printed structures. The rheological studies were performed in the same temperature range used in the actual FDM process, and results showed an improvement in rheological properties at higher nozzle temperatures. The bare polymer and the composite polymer-ceramic melts exhibited lower viscosity and less rigidity at higher nozzle temperatures, which resulted in enhancing the polymer melt flowability and interlayer bonding between the printed layers. Overall, our results confirmed that 3D printable TCP–PLA filaments could be made in-house, and optimization of the nozzle temperature is essential to developing 3D printed composite parts with favorable mechanical properties.
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1. Introduction


Additive manufacturing (AM) has received significant attention in the biomedical field due to several advantages such as its ability to efficiently develop complex and customized structures, its ease in materials processing, its efficiency in material consumption, its elimination of post processing steps such as machining, and, hence, less manufacturing or production time and cost [1,2,3,4]. Fused deposition modeling (FDM) is one of the most used AM processes in the biomedical field because of its low cost and simple operation compared to the other AM processes [5,6]. Moreover, FDM can be utilized for a broad spectrum of biomaterials [6,7,8]. Polylactic acid (PLA) is one of the extensively studied biomaterials in the biomedical field [9,10,11], and it has been successfully used in many biomedical applications [12,13,14,15,16]. In particular, in orthopedics and dentistry [17,18], PLA became the material of choice. For instance, it was successfully used for pins, screws, washers, and darts [10]. Although PLA has good mechanical properties, biocompatibility, FDA-approved biodegradability and facile processability [12,19], its slow biodegradability and the acidic environment caused by lactic acid during the degradation of PLA limits the in vivo application of implantable PLA scaffolds.



Producing 3D printable PLA-based biocomposite can be a convenient solution to address the above-mentioned challenge. For instance, the ceramic component in a PLA-bioceramic composite will be able to neutralize the acidic microenvironment caused by the byproducts of PLA. Second, the 3D printable PLA-based composite filaments can be used in an FDM process to develop structures (e.g., implants) with precise pore size and geometry and minimize material involvement in the implant [20]. Third, a biocomposite produced by melt mixing will avoid the use of toxic solvents as opposed to conventional methods of scaffold fabrications [21,22]. It is crucial to avoid using solvents in fabricating biocomposites because solvent residue has a poisonous effect in vitro and in vivo [23]. Thus, a 3D printable PLA-bioceramic filament composition could be a favorable solution to develop biocompatible implants that would create a less acidic microenvironment.



Calcium phosphate is a well-known bioceramic in orthopedics as 65% of the bone composition is hydroxyapatite (HA). In particular, β-tricalcium phosphate (TCP) has excelled on HA and other calcium phosphate phases for two main reasons. First, its degradation rate is three times faster than that of HA [22]. Second, it is completely absorbable. Another excellent property is that it has the ability to buffer an acidic environment [24]. The addition of TCP component within the PLA matrix improves the in vitro degradation and biocompatibility of the TCP–PLA composite by increasing the dissolution rate of PLA and also buffering the acidic environment by releasing the calcium phosphate particles [25,26,27]. Many studies in the literature studied the influence of TCP on biological and 3D printing performances when it is added as a bioceramic component into a polymer matrix. Backes et al. studied the effect of TCP content in PLA matrix in developing 3D printable biocomposite [28]. In this study, TCP–PLA biocomposite was fabricated with different content of TCP 5, 10, and 25 wt% by melt compounding. The results revealed excellent bioactivity of TCP–PLA composites as carbonated hydroxyapatite was formed on the composites with different TCP content when they were immersed in simulated body fluid (SBF) solution for 7 and 21 days. The biocompatibility assay showed an increase in cell viability of the composite with 10 wt% TCP compared to the control and the 5 wt% TCP composite. The composites with 5 and 10 wt% experienced good rheological properties similar to the pure PLA, and they were used to 3D print bone ligament fixation screws. However, the composite with 25 wt% TCP experienced a large agglomeration of TCP particles, significantly increasing its viscosity. Another study by Backes et al. [29], investigated the printability, bioactivity, and biocompatibility of HA-PLA and TCP–PLA composites that were developed by twin-screw extruder with 5 and 10 wt%. The results showed good rheological behavior for both composites suitable for 3D printing using FDM. Subsequently, scaffolds were printed using neat PLA and its composites. The composite scaffolds formed calcium phosphate after soaking in SBF for 7 days, indicating excellent bioactivity. The compatibility results showed a higher cell attachment and proliferation for HA-PLA and TCP–PLA with 10 wt% when compared to the composites with 5 wt%. Also, HA-PLA and TCP–PLA with 10 wt% showed significantly higher DNA compared to neat PLA and the composites with 5 wt%. These studies showed that the increase of TCP content in the PLA matrix increases bioactivity and biocompatibility in vitro. Thus, it is worthwhile to develop TCP–PLA biocomposite-based filaments and utilize them in an FDM setup to develop design-specific TCP–PLA implants efficiently. However, FDM of filament-based composites requires careful processing, especially when developing mechanically robust implants.



It is well known that FDM-based printers are relatively easy to use yet utilizing them to process composite filaments requires careful processing. Usually, FDM printers have one or more nozzles and a printing heating bed. There are two main motors in the printer. The first motor controls the movement of the nozzle in X and Y directions over the printing bed. The second controls the movement of the printing bed up and down in the Z direction. FDM is a process in which a constant diameter filament of a thermoplastic polymer or its composite is fed into the nozzle where it melts and is extruded then deposited on the printing bed. The printing bed lowers after each entirely constructed layer by a distance equal to the layer height. This allows the next layer to get extruded and bonded to the previous one [30]. Notably, the material used in the FDM process must have specific rheological properties that allow it to get extruded through the nozzle without clogging it then be deposited on the bed and retain its shape. During the FDM process, the filament experiences a high shear rate at the nozzle while experiencing a low shear rate when deposited on the bed [19]. Therefore, the 3D printed filaments should be characterized by a shear-thinning behavior in which the material undergoes a significant reduction in viscosity at high shear rates. Viscoelasticity is another critical property that allows the 3D printed material to retain its shape once deposited on the printing bed [19,31]. The rheological performance of the polymer melt and mechanical properties of the printed structure get affected mainly by the nozzle temperature during the FDM process [32,33]. A higher nozzle temperature reduces the polymer melt viscosity, thus improving the polymer melt flow and deposition on the printing bed. Better flow and deposition of polymer melt enhances the bonding between the layer of the printed structure, thus, higher mechanical properties [33,34,35]. Moreover, the nozzle temperature directly affects the degree of crystallinity of the printed structure, affecting its mechanical properties [36,37,38].



Considering the importance of developing good-quality 3D printable filaments and optimization of FDM parameters to develop mechanically robust composite parts, in this work, TCP–PLA composite filament with 15 vol% TCP was first developed by a one-time process method. The 15 vol% of TCP has been chosen based on our previous study developing PLA composite [19]. The results of that study suggested that significant agglomeration can occur above 15 vol% ceramic content, especially if a single-screw extruder is used. A physical characterization was performed for the composite to ensure the existence and homogenous dispersion of TCP particles within the PLA matrix. Rheological tests were performed on pure PLA and TCP–PLA composite at temperatures 190 °C, 200 °C, 210 °C, and 220 °C. The temperature range was chosen depending on the manufacturer’s suggested printing temperature of PLA. The filaments were then used to 3D print dog-bone shaped bars for tensile testing as per ASTM standards. Finally, the relationship between the rheological and mechanical properties of the 3D printed TCP–PLA composites was investigated.




2. Materials and Methods


2.1. Materials


Polylactic acid (PLA) was purchased in a pellet form from 3DXTECH (Grand Rapids, MI, USA). The β-tricalcium phosphate (nanoXIM-TCP200) was purchased from Fluidnova (Maia, Portugal). βTCP (Ca3(PO4)2) has a purity of ≥95%, bulk density of 0.35 (±0.1) g/cm3, and a particle size (d50) of 5 (±2) µm.




2.2. Fabrication of 3D Printable βTCP/PLA Composite Filaments


The PLA pellets were dried for 4 h at 60 °C. Blair Tornado II paint mixer (Swartz Creek, MI, USA) was used to mix the PLA pellets with TCP powder (15 vol% βTCP) for 15 min. The 3D printable TCP–PLA filament with a constant diameter of 1.75 mm was produced using filament maker extruder device from 3devo (Atoomweg, The Netherlands). The 3devo filament maker extruder is equipped with a single screw and two fans at the exit of the nozzle to air quench the filaments. The filament maker extruder has four heaters where heater 1 is close to the nozzle and heater 4 is at the feeding zone. The heaters’ (1 through 4) temperature is kept at 185 °C, 190 °C, 190 °C, and 185 °C, respectively. The βTCP–PLA mixture was fed to the feeding zone when all the four heaters reached the setpoints. Then the fan speed was set to 85% and the screw speed was set to 5 rpm. Once a filament started coming out of the nozzle, it was guided to the spool through the positioner to form constant diameter filaments, as shown in Figure 1.




2.3. Physical Characterization


The physical characteristics of the TCP–PLA filament were investigated as follows. The distribution of TCP particles in the PLA matrix and the morphological features of the TCP–PLA filament were investigated using a scanning electron microscope (SEM) (S4800, Hitachi, Tokyo, Japan) equipped with an energy dispersion X-ray spectroscopic detector (EDX). The specimens were prepared for SEM imaging by coating with gold utilizing a sputter coater (108auto, Cressington, UK). The functional groups of the filament were characterized using Fourier Transform Infrared spectroscope (FTIR) (UMA-600 Microscope, Varian Excalibur Series). X-ray Diffraction (XRD) with monochromated Cu Kα radiation (Rigaku Ultima III, Woodlands, TX, USA) was used to evaluate the crystallographic structure of TCP, PLA, and TCP–PLA composite. The XRD was operated at a voltage of 40 kV and a current of 44 mA for 2θ ranging from 10° to 45°, with a step size of 0.04 and scan speed of 1°/min. TCP diffraction peaks confirmed with ICDD 09-0432. The thermal properties of TCP, PLA, and TCP–PLA composite were investigated using Differential Scanning Calorimetry (DSC) (DSC 250, TA instruments, New Castle, DE, USA). The degree of crystallinity (Xcw%) was calculated using Equation (1)


  Xcw  ( % )  =    H m     w f  ×  H c    × 100 %  



(1)




where Hm is the melt enthalpy, wf is the weight fraction of PLA, and Hc is the melt enthalpy of 100% crystalline PLA and is equal to 93 J/g [39].




2.4. Rheological Properties


RDA III parallel plate rheometer with a plate of 25 mm in diameter (Rheometric Scientific, USA) was used to measure the rheological properties of pure PLA and TCP–PLA composite melts. A dynamic amplitude sweep test was conducted at 220 °C to evaluate the viscoelastic region for both PLA and TCP–PLA. Subsequently, a dynamic frequency sweep test was performed with 10% strain amplitude at temperatures of 190 °C, 200 °C, 210 °C, and 220 °C and the elastic (storage) modulus (G′), viscous (loss) modulus (G″), and complex viscosity (η*) were measured over a frequency range of 10–500 rad/s. Additionally, a steady state flow test was performed at 220 °C to measure the shear viscosity over a shear rate of 0.1–10 s−1 then compare it to the complex viscosity to investigate the applicability of the Cox–Merz rule. All rheological analyses were performed with a 1.2 mm gap between the parallel plates and under nitrogen environment.




2.5. 3D Printing


FDM industrial grade 3D printer (AON M1, Montreal, Canada) was used in the printing processes where Simplify 3DTM software was used to control the parameters of the printing process. PLA and TCP–PLA filaments were dried for 4 h at 60 °C. Subsequently, they were inserted into the printer’s extrusion nozzle with 0.6 mm diameter. The base plate temperature was maintained at 60 °C. However, different temperatures were used for the nozzle temperature. All the tensile bars were printed with a 100% infill and 0.3 mm layer height, as shown in Figure 2.




2.6. Mechanical Testing


PLA and TCP–PLA tensile bars type V were printed in accordance with ASTM D638. Type V tensile bar has a length of 63.5 mm, a grip section width of 9.53 mm, and a thickness of 3.4 mm. Instron Universal Tester (Norwood, MA, USA) with a 2 kN load cell and at a strain rate of 5 mm/min at room temperature was used to evaluate the tensile strength and Young’s modulus of the 3D printed PLA and TCP–PLA tensile bars. Bluehill software® (Instron, Norwood, MA, USA) was used to collect and analyze the data.




2.7. Statistical Analysis


All the tests were conducted in triplicate and reported as mean ± standard deviation. One-way ANOVA followed by T-test was used to analyze the results’ significance and p-values less than 0.05 were considered statistically significant.





3. Results


All the physical characterization results confirm the presence of TCP particles embedded in the PLA matrix. Figure 3 shows SEM images of PLA and TCP–PLA composite filaments. The micrographs confirmed the uniform distribution of TCP particles in the PLA matrix. Moreover, the SEM images show that TCP–PLA composite filament has a constant diameter similar to the PLA filament. Figure 4 shows the EDX and element mapping. The EDX picked a strong signal of carbon that corresponded to the PLA backbone. Also, EDX picked up peaks of TCP constituents, i.e., calcium (Ca), oxygen (O), and phosphorous (P). The element mapping results were in accordance with the EDX results. The element mapping signals also confirmed a homogenous distribution of all TCP constituents through the PLA matrix.



Figure 5 shows the FTIR data for TCP, PLA, and TCP–PLA composite filament. In the TCP spectrum, absorption bands were observed at 1022 and 1627 cm−1, corresponding to v3 phosphate ion (PO43−) and OH− functional group from the water molecule (H2O), respectively. In the PLA spectrum, bands were observed at 1061, 1747, and 2995 cm−1, which corresponds to C–O, C=O, and C–H stretching, respectively [40]. In the case of TCP–PLA composite, the typical PLA bands were observed as well as the PO43− and H2O absorption bands which confirmed the presence of TCP particles in the PLA matrix.



Figure 6 shows XRD patterns of TCP, PLA, and TCP–PLA. The TCP diffraction pattern indicates the highly crystalline structure of the TCP powder, and no second phase was detected other than the βTCP. The PLA diffraction pattern detected a strong peak at 2θ of 17.2, revealing the highly crystalline structure of PLA. In the case of TCP–PLA, the diffraction pattern showed a broad hump from 2θ of 10 to 25 without any sharp peaks, which indicates a significant reduction in PLA crystallinity after processing the TCP–PLA composite. Moreover, the TCP–PLA diffraction pattern detected the two main sharp peaks of TCP at 2θ of 32 and 34, which indicates the presence of TCP in the TCP–PLA composite.



Figure 7 shows the DSC results of PLA and TCP–PLA, and Table 1 summarizes their thermal properties including glass transition temperature (Tg), crystallization temperature (Tc), melting temperature (Tm), enthalpy (Hm), and crystallization percent (Xcw). A slight reduction in the glass transition and melting temperatures was observed with the incorporation of TCP particles into the PLA matrix. Specifically, the Tg and Tm of TCP–PLA were lower than PLA by 13.07 °C and 3.87 °C, respectively. Moreover, the TCP particles had a significant effect in reducing the melting enthalpy. The melting enthalpy of TCP–PLA composite is lower than the PLA by 44.42% resulting in a substantial reduction in the TCP–PLA crystallinity. The reduction in thermal properties of TCP–PLA composite can be attributed to the decrease in crystallinity due to processing conditions and the disturbance of the PLA crystals by TCP particles. Figure 8 shows the DSC of the printed PLA and TCP–PLA at different nozzle temperatures, and Table 2 shows their thermal properties and crystallinity. The melting enthalpy increases with the nozzle temperature, resulting in increased crystallinity in the printed samples Figure 9.



Figure 10 shows the rheological properties of PLA and TCP–PLA. Figure 10a shows the dynamic sweep strain test where the G′ and G″ plotted versus the strain%. The G′ and G″ plateau represents the linear viscoelastic region of the melts. The G′ of PLA and TCP–PLA experienced a plateau from 1% to 100% strain value. The G″ of PLA and TCP–PLA experienced a plateau up to a strain value of 60%. Therefore, a strain of 10% was chosen for the constant strain dynamic frequency sweep test. Figure 10b shows the comparison between the dynamic shear rate sweep test and dynamic frequency sweep test, where the shear viscosity is a function of shear rate, and the complex viscosity is a function of frequency. That comparison indicated the failure of Cox–Merz rule for PLA and TCP–PLA as the shear viscosity did not match the complex viscosity at the range of shear rate/frequency from 1 to 10 Hz/ω. Figure 10c shows the complex viscosity of PLA and TCP–PLA obtained from the dynamic frequency sweep test at different nozzle temperatures. The PLA and TCP–PLA showed a shear thinning behavior at all temperatures as the complex viscosity at all runs reduced to lower values at high frequencies. The complex viscosity of all samples decreased with the increase of nozzle temperature. Moreover, the complex viscosity of TCP–PLA samples were less than those of PLA over the entire frequency range at all nozzle temperatures. Figure 10d shows the G′ and G″ of PLA and TCP–PLA as a function of frequency. The G″ was greater than G′ for PLA and TCP–PLA at all temperatures. Additionally, the viscoelastic moduli of samples at all temperatures increased with frequency increase.



Figure 11 shows the mechanical properties of 3D printed PLA and TCP–PLA tensile bars at different nozzle temperatures. The results revealed a directly proportional relationship between the nozzle temperature and the mechanical properties. The PLA and TCP–PLA samples printed at nozzle temperature of 190 °C showed the lowest tensile strength with 65.8 (±0.971) MPa and 54.344 (±3.796) MPa, respectively, as shown in Figure 11a. In comparison, PLA and TCP–PLA samples printed at nozzle temperature of 220 °C showed a higher tensile strength with 75.77 (±1.147) MPa and 69.711(±6.23) MPa, respectively, as shown in Figure 11a. Similarly, Young’s modulus was lowest at nozzle temperature 190 °C with values of 1.725 (±0.134) GPa and 1.685 (±0.143) GPa for PLA and TCP–PLA, respectively, as shown in Figure 11b, and was highest at nozzle temperature of 220 °C with values of 1.837 (±0.156) and 2.161 (±0.332) for PLA and TCP–PLA, respectively. The PLA showed higher tensile strength at all nozzle temperatures as compared to the TCP–PLA, which can be explained by two reasons. First, the crystallinity of PLA samples was higher than TCP–PLA samples at all nozzle temperatures, as shown in Table 2 and Figure 9. Second, the voids generated by the delamination of TCP particles from the PLA matrix, shown in Figure 11c,d.




4. Discussion


In this study, a 3D printable TCP–PLA composite filament was developed using an effective one-step processing method that was first introduced in developing a PLA composite that incorporates amorphous magnesium phosphate (AMP) [19]. The results emphasized the effectiveness of that method in producing high-quality 3D printable filament composite characterized by a constant diameter filament with a homogeneous distribution of TCP particles in the PLA matrix, which is confirmed by the physical characterization of TCP–PLA composite filament. The SEM micrographs in Figure 3 showed the homogenous distribution of TCP particles in PLA matrix. Consistent with the SEM images, the EDX observations, presented in Figure 4, verified the same results with the homogenous distribution of all the TCP elements, including calcium, phosphorus, and oxygen in the PLA matrix, Moreover, the FTIR and XRD patterns have confirmed the existence of TCP particles in the developed TCP–PLA composite filament.



Notably, the XRD showed a reduction in TCP–PLA crystallinity post-processing. The DSC confirmed the reduction in TCP–PLA crystallinity by 13.38% compared to the PLA, Table 1. The reduction in composite crystallinity is due to the rapid cooling of the extruded filament by the two fans located at the exit of the nozzle, as shown in Figure 1. Rapid cooling and, thus, solidification of the TCP–PLA is required for the puller system to pull the filament and direct it to the spool, as shown in Figure 1b,c. Similar results were demonstrated in our previous study while developing a 3D printable AMP–PLA composite, where the crystallinity of the composite decreased by 12.56% compared to the PLA [19]. A study by Corcione et al. focused on developing a PLA-HA composite filament for FDM where PLA and HA powders were used to process PLA and PLA-HA composite filaments with different weight percent of HA by melt extrusion. The XRD patterns of the processed PLA and PLA-HA showed amorphous structure similar to the present study [41].



Rheological properties are critical in evaluating any FDM process, especially in comparing the behavior of two materials as in the present study. The rheological responses are important because the main stage in the FDM process is through the nozzle, where the filament melts then deposits and solidifies on the printing bed. The rheological analysis is usually used to estimate polymers’ and composites’ internal structure and predict their printability behavior. Moreover, it is the primary method to manage the reproducibility and preserve the quality of the 3D printed structures. It is required for any material used in FDM process to perform a shear thinning behavior. There is no reference for a specific reduction value in viscosity at higher shear rates that can confirm a successful FDM process. Therefore, the best method to predict a successful FDM process for new material is to compare with the rheological responses of a successfully 3D printed material via FDM.



The rheological properties of the PLA and TCP–PLA composite were investigated at different temperatures that correspond to the nozzle temperature at the actual FDM process. The complex viscosity values along the frequency range were lower at higher nozzle temperatures, indicating better material flowability through the nozzle. For instance, at a frequency of 10 rad/s, the complex viscosity of PLA and TCP–PLA at 220 °C are lower than those at 190 °C by 67.73% and 76.37%, respectively. At a frequency of 100 rad/s, the complex viscosity of PLA and TCP–PLA at 220 °C are lower than those at 190 °C by 60.2% and 70.53%, respectively. TCP–PLA samples showed lower complex viscosity values than PLA samples at all frequencies at the same nozzle temperature. For instance, at a nozzle temperature of 200 °C and frequency of 10 rad/s, the complex viscosity of TCP–PLA is lower than PLA by 56.4%. Similarly, at nozzle temperature of 210 °C and frequency of 400 rad/s, the complex viscosity of TCP–PLA is lower than the PLA by 49.69%. The good flowability associated with lower complex viscosity is favorable for the FDM process unless the material experiences an uncontrollable flow. In addition, lower viscosity reduces the probability of nozzle clogging and improves the material deposition, thus, better material bonding the previously printed layer [42,43].



The elastic and viscous moduli of TCP–PLA are lower than PLA at all the temperatures along with the frequency range, which indicates the lower mechanical properties of TCP–PLA as compared to the PLA. The G″ is higher than G′ at all temperatures and frequencies, confirming the PLA and TCP–PLA melt state and the printed structure’s ability to retain its shape [19,44]. The higher G′ of PLA compared to TCP–PLA at the same temperature can be explained by the strong interactions between the PLA chains that were disturbed by the TCP particles in the TCP–PLA composite [45]. Lower G′ means less rigidity which is more favorable in the FDM process as the material will move easily through the nozzle to the printing bed [46]. The present study investigated the applicability of the Cox–Merz rule, which is an empirical rule correlating the rheological properties obtained from dynamic frequency sweep test and steady-state test, η(  γ ˙  ) = η(ω), where   γ ˙   = ω [47]. In other words, the Cox–Merz rule compares the shear viscosity as a function of shear rate to the complex viscosity as a function of frequency. The Cox–Merz rule has failed for both PLA and TCPP-PLA, as shown in Figure 10. Similar results were shown in a previous study while developing an AMP–PLA composite, where the Cox–Merz rule failed for PLA and the AMP–PLA composite [19]. Cicala et al. investigated three commercial types of PLA filament, including black, white, and green PLA filaments. In that study, the Cox–Merz rule failed for the black and white PLA filaments while applied for the green one [31]. Also, several studies in the literature found that the Cox–Merz rule is not applicable for some polymers, especially high molecular weight and functionalized polymers [48]. The importance of the Cox–Merz rule is due to its ability to increase the shear rate range that can be tested from the oscillatory rheometer since viscosity as a function of shear rate is hard to measure at a high shear rate due to significant sample deformation and secondary flows [48,49]. Thus, it helps in minimizing the number of samples and experiments needed to investigate rheological properties.



The nozzle temperature plays a critical role in the mechanical properties of the 3D printed structure [32,50]. Specifically, the nozzle temperature affects the rheology of the polymer melts through the nozzle—as discussed—and the crystallinity of the 3D printed structure, which are the main parameters affecting the mechanical properties of the 3D printed structure. Additionally, the nozzle temperature can affect the properties of a fully 3D printed layer while printing the other subsequent layers. Vanaei et al. investigated the temperature profile of 3D printed PLA structures by FDM [51]. According to that study, a specific deposited layer during FDM process can be affected by the nozzle temperature while depositing the five subsequent layers. In that study, K-type thermocouples [52] were used to monitor the layers’ cooling and reheating during the FDM process. The temperature profile of layer five was recorded and it showed that layer five first cooled down when it was entirely deposited, then it reheated while depositing layer six, then cooled again after the fully deposition of layer six, then reheated while depositing layer seven. In that study, layer five experienced four cooling reheating cycles that can directly affect its bonding and crystallinity. Like most other polymers, PLA is characterized by a semi-crystalline structure that contains amorphous and crystalline phases [53]. On the one hand, the amorphous phase is characterized by a random and intertwined structure of the polymer chains. On the other hand, the crystalline phase is characterized by a close polymer chains alignment with higher molecular order and stronger intermolecular forces. Therefore, the crystalline/amorphous ratio directly affects the density and mechanical properties of PLA [38,54,55]. In the present study, all the PLA and TCP–PLA printed samples at different nozzle temperatures exhibited a semi-crystalline structure, as shown in Table 2. However, the crystallinity of PLA and TCP–PLA printed samples increased with increasing the nozzle temperature, as shown in Figure 9. Also, that explains the increase in mechanical properties of PLA and TCP–PLA samples printed at higher nozzle temperature, as shown in Figure 11a,b. The present study agreed with the literature on the higher mechanical properties of PLA printed structures associated with higher nozzle temperature. Behzadnasab et al. studied the effect of the nozzle temperature on the physical and mechanical properties of printed PLA structures [56,57]. In that study, the PLA filament was developed in-house using a single screw extruder. The filament was then used to 3D print tensile bars at different nozzle temperatures ranging from 180 °C to 240 °C with a 20 °C gradient. The results confirmed the directly proportional relationship between the nozzle temperature and tensile properties. An increase in nozzle temperature from 180 °C to 240 °C increased the tensile strength from 34 MPa to 56 MPa [56]. Akhoundi et al. investigated the effect of nozzle temperature, and heat treatment (annealing) after printing on the mechanical properties of 3D printed PLA structures [58]. In that study, two groups of PLA were printed at different nozzle temperatures of 210 °C, 220 °C, 230 °C, 240 °C, and 250 °C. The first group was tested for their tensile mechanical properties without heat treatment, while the second group was annealed for one hour at 110 °C. The mechanical properties of both groups increased with increasing the nozzle temperature. An increase in nozzle temperature from 210 °C to 250 °C resulted in an increase in tensile strength from 60 MPa to 65.75 MPa and a tensile modulus from 3 GPa to 4.9 GPa. The second group (annealed) exhibited higher mechanical properties than the first group (non-annealed) at all nozzle temperatures due to the increase in crystallization of annealed samples. The second group’s maximum tensile strength and tensile modulus were 67.4 MPa and 5.65 GPa, respectively [58]. El Magri et al. studied the influence of nozzle temperature and infill orientation on the mechanical properties of PLA and carbon fiber (CF)-PLA [59]. In the first part of that study, tensile bars of PLA and CF-PLA were printed at nozzle temperatures ranging from 190 °C to 240 °C with a 10 °C gradient with fixed infill orientation. The results showed an increase in tensile strength and Young’s modulus of PLA and CF-PLA with increasing nozzle temperatures up to 230 °C, after which the mechanical properties were decreased due to PLA degradation.




5. Conclusions


A one-step process method was successfully utilized to develop 3D printable TCP–PLA composite filaments. The TCP–PLA composite filament exhibited a constant diameter and a homogenous distribution of TCP particles within the polymer matrix. The TCP–PLA filaments were successfully used to print tensile bars with different nozzle temperatures in an FDM setup. We observed that a higher nozzle temperature helped enhance the tensile strength of the printed parts, with the highest values recorded for parts printed at a nozzle temperature of 220 °C. However, TCP–PLA printed samples experienced lower mechanical properties than PLA at all nozzle temperatures because of the micropores generated by TCP particles. Notably, higher nozzle temperatures also increased the crystallinity of both the PLA and TCP–PLA printed parts, which is considered the primary reason for the mechanical property enhancement. The rheological investigation showed an improvement of rheological properties with increasing nozzle temperature. PLA and TCP–PLA mechanical properties increased with increasing the nozzle temperature. Overall, our study confirmed the successful development of 3D printable TCP–PLA filaments and utilized them effectively to fabricate design-specific parts with favorable mechanical properties that greatly benefit orthopedic and dental biomedical applications.







Author Contributions


Conceptualization, K.E., S.B.B., and P.S.; formal analysis, K.E.; funding acquisition, S.B.B.; investigation, K.E.; methodology, K.E., S.B.B., and P.S.; project administration, K.E.; supervision, S.B.B.; validation, K.E. and P.S.; visualization, K.E.; writing—original draft, K.E.; writing—review & editing, K.E., S.B.B., and P.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Karim Elhattab acknowledges the support of the Polymer Institute at the University of Toledo. Sarit B. Bhaduri acknowledges the support from the NSF IR/D Program. The results presented herein do not reflect the official views of the NSF. Prabaha Sikder acknowledges the support of his start-up grant at Cleveland State University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bekas, D.G.; Hou, Y.; Liu, Y.; Panesar, A. 3D printing to enable multifunctionality in polymer-based composites: A review. Compos. B Eng. 2019, 179, 107540. [Google Scholar] [CrossRef]

	



Manapat, J.Z.; Chen, Q.; Ye, P.; Advincula, R.C. Advincula. 3D printing of polymer nanocomposites via stereolithography. Macromol. Mater. Eng. 2017, 302, 1600553. [Google Scholar] [CrossRef]

	



Yan, M.; Tian, X.; Peng, G.; Li, D.; Zhang, X. High temperature rheological behavior and sintering kinetics of CF/PEEK composites during selective laser sintering. Compos. Sci. Technol. 2018, 165, 140–147. [Google Scholar] [CrossRef]

	



Ma, Y.; Zhang, C.; Wang, Y.; Zhang, L.; Zhang, J.; Shi, J.; Si, J.; Yuan, Y.; Liu, C. Direct three-dimensional printing of a highly customized freestanding hyperelastic bioscaffold for complex craniomaxillofacial reconstruction. Chem. Eng. J. 2021, 411, 128541. [Google Scholar] [CrossRef]

	



Liu, Z.; Wang, Y.; Wu, B.; Cui, C.; Guo, Y.; Yan, C. A critical review of fused deposition modeling 3D printing technology in manufacturing polylactic acid parts. Int. J. Adv. Manuf. Technol. 2019, 102, 2877–2889. [Google Scholar] [CrossRef]

	



Nejad, Z.M.; Zamanian, A.; Saeidifar, M.; Vanaei, H.R.; Amoli, M.S. 3D Bioprinting of Polycaprolactone-Based Scaffolds for Pulp-Dentin Regeneration: Investigation of Physicochemical and Biological Behavior. Polymers 2021, 13, 4442. [Google Scholar] [CrossRef]

	



Wasti, S.; Adhikari, S. Use of Biomaterials for 3D Printing by Fused Deposition Modeling Technique: A Review. Front. Chem. 2020, 8, 315. [Google Scholar] [CrossRef]

	



Pu’Ad, N.M.; Haq, R.A.; Noh, H.M.; Abdullah, H.; Idris, M.; Lee, T. Review on the fabrication of fused deposition modelling (FDM) composite filament for biomedical applications. Mater. Today Proc. 2020, 29, 228–232. [Google Scholar]

	



Lasprilla, A.J.R.; Martinez, G.A.R.; Lunelli, B.H.; Jardini, A.L.; Filho, R.M. Poly-lactic acid synthesis for application in biomedical devices—A review. Biotechnol. Adv. 2012, 30, 321–328. [Google Scholar] [CrossRef]

	



Narayanan, G.; Vernekar, V.N.; Kuyinu, E.; Laurencin, C.T. Poly(lactic acid)-based biomaterials for orthopaedic regenerative engineering. Adv. Drug Deliv. Rev. 2016, 107, 247–276. [Google Scholar] [CrossRef]

	



Baran, E.H.; Erbil, H.Y. Surface Modification of 3D Printed PLA Objects by Fused Deposition Modeling: A Review. Colloids Interfaces 2019, 3, 43. [Google Scholar] [CrossRef]

	



Pawar, R.P.; Tekale, S.U.; Shisodia, S.U.; Totre, J.T.; Domb, A.J. Biomedical Applications of Poly(Lactic Acid). Recent Patents Regen. Med. 2014, 4, 40–51. [Google Scholar] [CrossRef]

	



Tyler, B.; Gullotti, D.; Mangraviti, A.; Utsuki, T.; Brem, H. Polylactic acid (PLA) controlled delivery carriers for biomedical applications. Adv. Drug Deliv. Rev. 2016, 107, 163–175. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.M.; Lee, J.H. Clinical courses and degradation patterns of absorbable plates in facial bone fracture patients. Arch. Craniofacial Surg. 2019, 20, 297–303. [Google Scholar] [CrossRef] [PubMed]

	



Vidakis, N.; Petousis, M.; Velidakis, E.; Liebscher, M.; Tzounis, L. Three-Dimensional Printed Antimicrobial Objects of Polylactic Acid (PLA)-Silver Nanoparticle Nanocomposite Filaments Produced by an In-Situ Reduction Reactive Melt Mixing Process. Biomimetics 2020, 5, 42. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Xiao, Y.; Xu, H.; Lei, K.; Lang, M. Preparation, degradation and in vitro release of ciprofloxacin-eluting ureteral stents for potential antibacterial application. Mater. Sci. Eng. C 2016, 66, 92–99. [Google Scholar] [CrossRef] [PubMed]

	



DeStefano, V.; Khan, S.; Tabada, A. Applications of PLA in modern medicine. Eng. Regen. 2020, 1, 76–87. [Google Scholar] [CrossRef]

	



Tatullo, M.; Spagnuolo, G.; Codispoti, B.; Zamparini, F.; Zhang, A.; Degli Esposti, M.; Aparicio, C.; Rengo, C.; Nuzzolese, M.; Manzoli, L.; et al. PLA-Based Mineral-Doped Scaffolds Seeded with Human Periapical Cyst-Derived MSCs: A Promising Tool for Regenerative Healing in Dentistry. Materials 2019, 12, 597. [Google Scholar] [CrossRef]

	



Elhattab, K.; Bhaduri, S.B.; Lawrence, J.G.; Sikder, P. Fused Filament Fabrication (Three-Dimensional Printing) of Amorphous Magnesium Phosphate/Polylactic Acid Macroporous Biocomposite Scaffolds. ACS Appl. Bio Mater. 2021, 4, 3276–3286. [Google Scholar] [CrossRef]

	



Elhattab, K.; Sikder, P.; Walker, J.; Bottino, M.; Bhaduri, S. Fabrication and evaluation of 3-D printed PEEK scaffolds containing Macropores by design. Mater. Lett. 2020, 263, 127227. [Google Scholar] [CrossRef]

	



Toong, D.W.Y.; Toh, H.W.; Ng, J.C.K.; Wong, P.E.H.; Leo, H.L.; Venkatraman, S.; Tan, L.P.; Ang, H.Y.; Huang, Y. Bioresorbable Polymeric Scaffold in Cardiovascular Applications. Int. J. Mol. Sci. 2020, 21, 3444. [Google Scholar] [CrossRef]

	



Zhou, H.; Lawrence, J.G.; Bhaduri, S.B. Fabrication aspects of PLA-CaP/PLGA-CaP composites for orthopedic applications: A review. Acta Biomater. 2012, 8, 1999–2016. [Google Scholar] [CrossRef] [PubMed]

	



Ren, J.; Zhao, P.; Ren, T.; Gu, S.; Pan, K. Poly(D,L-lactide)/nano-hydroxyapatite composite scaffolds for bone tissue engineering and biocompatibility evaluation. J. Mater. Sci. Mater. Med. 2008, 19, 1075–1082. [Google Scholar] [CrossRef] [PubMed]

	



Kikuchi, M.; Koyama, Y.; Takakuda, K.; Miyairi, H.; Shirahama, N.; Tanaka, J. In vitro change in mechanical strength of β-tricalcium phosphate/copolymerized poly-l-lactide composites and their application for guided bone regeneration. J. Biomed. Mater. Res. 2002, 62, 265–272. [Google Scholar] [CrossRef] [PubMed]

	



Hu, H.-T.; Lee, S.-Y.; Chen, C.-C.; Yang, Y.-C.; Yang, J.-C. Processing and properties of hydrophilic electrospun polylactic acid/beta-tricalcium phosphate membrane for dental applications. Polym. Eng. Sci. 2013, 53, 833–842. [Google Scholar] [CrossRef]

	



Cao, L.; Duan, P.G.; Wang, H.R.; Li, X.L.; Yuan, F.L.; Fan, Z.Y.; Li, S.M.; Dong, J. Degradation and osteogenic potential of a novel poly (lactic acid)/nano-sized β-tricalcium phosphate scaffold. Int. J. Nanomed. 2012, 7, 5881. [Google Scholar] [CrossRef]

	



Ignatius, A.A.; Ohnmacht, M.; Claes, L.E.; Kreidler, J.; Palm, F. A composite polymer/tricalcium phosphate membrane for guided bone regeneration in maxillofacial surgery. J. Biomed. Mater. Res. 2001, 58, 564–569. [Google Scholar] [CrossRef]

	



Backes, E.H.; Nóbile Pires, L.; Selistre-de-Araujo, H.S.; Costa, L.C.; Passador, F.R.; Pessan, L.A. Development and characterization of printable PLA/β-TCP bioactive composites for bone tissue applications. J. Appl. Polym. Sci. 2021, 138, 49759. [Google Scholar] [CrossRef]

	



Backes, E.H.; Fernandes, E.M.; Diogo, G.S.; Marques, C.F.; Silva, T.H.; Costa, L.C.; Passador, F.R.; Reis, R.L.; Pessan, L.A. Engineering 3D printed bioactive composite scaffolds based on the combination of aliphatic polyester and calcium phosphates for bone tissue regeneration. Mater. Sci. Eng. C 2021, 122, 111928. [Google Scholar] [CrossRef]

	



Elhattab, K.; Hefzy, M.S.; Hanf, Z.; Crosby, B.; Enders, A.; Smiczek, T.; Haghshenas, M.; Jahadakbar, A.; Elahinia, M. Biomechanics of Additively Manufactured Metallic Scaffolds—A Review. Materials 2021, 14, 6833. [Google Scholar] [CrossRef]

	



Cicala, G.; Giordano, D.; Tosto, C.; Filippone, G.; Recca, A.; Blanco, I. Polylactide (PLA) Filaments a Biobased Solution for Additive Manufacturing: Correlating Rheology and Thermomechanical Properties with Printing Quality. Materials 2018, 11, 1191. [Google Scholar] [CrossRef] [PubMed]

	



Syrlybayev, D.; Zharylkassyn, B.; Seisekulova, A.; Akhmetov, M.; Perveen, A.; Talamona, D. Optimisation of Strength Properties of FDM Printed Parts—A Critical Review. Polymers 2021, 13, 1587. [Google Scholar] [CrossRef]

	



Zhou, X.; Hsieh, S.-J.; Sun, Y. Experimental and numerical investigation of the thermal behaviour of polylactic acid during the fused deposition process. Virtual Phys. Prototyp. 2017, 12, 221–233. [Google Scholar] [CrossRef]

	



Dinwiddie, R.B.; Kunc, V.; Lindal, J.M.; Post, B.; Smith, R.J.; Love, L.; Duty, C.E. Infrared imaging of the polymer 3D-printing process. In Thermosense: Thermal Infrared Applications XXXVI, Proceedings of the SPIE Sensing Technology + Applications, Baltimore, MD, USA, 12 June 2014; SPIE: Bellingham, WA, USA, 2014; Volume 9105, p. 910502. [Google Scholar]

	



Coogan, T.J.; Kazmer, D.O. Bond and part strength in fused deposition modeling. Rapid Prototyp. J. 2017, 23, 414–422. [Google Scholar] [CrossRef]

	



Drummer, D.; Cifuentes-Cuéllar, S.; Rietzel, D. Suitability of PLA/TCP for fused deposition modeling. Rapid Prototyp. J. 2012, 18, 500–507. [Google Scholar] [CrossRef]

	



Lay, M.; Thajudin, N.L.N.; Hamid, Z.A.A.; Rusli, A.; Abdullah, M.K.; Shuib, R.K. Comparison of physical and mechanical properties of PLA, ABS and nylon 6 fabricated using fused deposition modeling and injection molding. Compos. B Eng. 2019, 176. [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]

	



Mathew, A.P.; Oksman, K.; Sain, M. The effect of morphology and chemical characteristics of cellulose reinforcements on the crystallinity of polylactic acid. J. Appl. Polym. Sci. 2006, 101, 300–310. [Google Scholar] [CrossRef]

	



Wu, D.; Spanou, A.; Diez-Escudero, A.; Persson, C. 3D-printed PLA/HA composite structures as synthetic trabecular bone: A feasibility study using fused deposition modeling. J. Mech. Behav. Biomed. Mater. 2020, 103, 103608. [Google Scholar] [CrossRef]

	



Corcione, C.E.; Scalera, F.; Gervaso, F.; Montagna, F.; Sannino, A.; Maffezzoli, A. One-step solvent-free process for the fabrication of high loaded PLA/HA composite filament for 3D printing. J. Therm. Anal. 2018, 134, 575–582. [Google Scholar] [CrossRef]

	



Ding, S.; Zou, B.; Wang, P.; Ding, H. 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]

	



Zanjanijam, A.R.; Major, I.; Lyons, J.G.; Lafont, U.; Devine, D.M. Fused Filament Fabrication of PEEK: A Review of Process-Structure-Property Relationships. Polymers 2020, 12, 1665. [Google Scholar] [CrossRef]

	



Lyu, Y.; Chen, Y.; Lin, Z.; Zhang, J.; Shi, X. Manipulating phase structure of biodegradable PLA/PBAT system: Effects on dynamic rheological responses and 3D printing. Compos. Sci. Technol. 2020, 200, 108399. [Google Scholar] [CrossRef]

	



Ko, S.W.; Hong, M.K.; Park, B.J.; Gupta, R.K.; Choi, H.J.; Bhattacharya, S. Morphological and rheological characterization of multi-walled carbon nanotube/PLA/PBAT blend nanocomposites. Polym. Bull. 2009, 63, 125–134. [Google Scholar] [CrossRef]

	



Polamaplly, P.; Cheng, Y.; Shi, X.; Manikandan, K.; Kremer, G.E.; Qin, H. 3D Printing and Characterization of Hydroxypropyl Methylcellulose and Methylcellulose for Biodegradable Support Structures. Procedia Manuf. 2019, 34, 552–559. [Google Scholar] [CrossRef]

	



Cox, W.P.; Merz, E.H. Correlation of dynamic and steady flow viscosities. J. Polym. Sci. 1958, 28, 619–622. [Google Scholar] [CrossRef]

	



Rathner, R.; Roland, W.; Albrecht, H.; Ruemer, F.; Miethlinger, J. Applicability of the Cox-Merz Rule to High-Density Polyethylene Materials with Various Molecular Masses. Polymers 2021, 13, 1218. [Google Scholar] [CrossRef]

	



Azad, M.A.; Olawuni, D.; Kimbell, G.; Badruddoza, A.Z.M.; Hossain, S.; Sultana, T. Polymers for Extrusion-Based 3D Printing of Pharmaceuticals: A Holistic Materials–Process Perspective. Pharmaceutics 2020, 12, 124. [Google Scholar] [CrossRef] [PubMed]

	



Vanaei, H.R.; Shirinbayan, M.; Deligant, M.; Khelladi, S.; Tcharkhtchi, A. In-Process Monitoring of Temperature Evolution during Fused Filament Fabrication: A Journey from Numerical to Experimental Approaches. Thermo 2021, 1, 332–360. [Google Scholar] [CrossRef]

	



Vanaei, H.; Khelladi, S.; Deligant, M.; Shirinbayan, M.; Tcharkhtchi, A. Numerical Prediction for Temperature Profile of Parts Manufactured using Fused Filament Fabrication. J. Manuf. Process. 2022, 76, 548–558. [Google Scholar] [CrossRef]

	



Vanaei, H.R.; Shirinbayan, M.; Costa, S.F.; Duarte, F.M.; Covas, J.A.; Deligant, M.; Khelladi, S.; Tcharkhtchi, A. Experimental study of PLA thermal behavior during fused filament fabrication. J. Appl. Polym. Sci. 2021, 138, 49747. [Google Scholar] [CrossRef]

	



Garlotta, D. A Literature Review of Poly(Lactic Acid). J. Polym. Environ. 2001, 9, 63–84. [Google Scholar] [CrossRef]

	



Jaekel, D.J.; MacDonald, D.W.; Kurtz, S.M. Characterization of PEEK biomaterials using the small punch test. J. Mech. Behav. Biomed. Mater. 2011, 4, 1275–1282. [Google Scholar] [CrossRef] [PubMed]

	



Mark, J.E. Physical Properties of Polymers Handbook; Springer: Berlin/Heidelberg, Germany, 2007; Volume 1076. [Google Scholar]

	



Behzadnasab, M.; Yousefi, A.A. Effects of 3D Printer Nozzle Head Temperature on the Physical and Mechanical Properties of PLA Based Product. In Proceedings of the 12th International Seminar on Polymer Science and Technology, Tehran, Iran, 2–5 November 2016. [Google Scholar]

	



Behzadnasab, M.; Yousefi, A.A.; Ebrahimibagha, D.; Nasiri, F. Effects of processing conditions on mechanical properties of PLA printed parts. Rapid Prototyp. J. 2019, 26, 381–389. [Google Scholar] [CrossRef]

	



Akhoundi, B.; Nabipour, M.; Hajami, F.; Shakoori, D. An Experimental Study of Nozzle Temperature and Heat Treatment (Annealing) Effects on Mechanical Properties of High-Temperature Polylactic Acid in Fused Deposition Modeling. Polym. Eng. Sci. 2020, 60, 979–987. [Google Scholar] [CrossRef]

	



EL Magri, A.; El Mabrouk, K.; Vaudreuil, S.; Touhami, M.E. Mechanical properties of CF-reinforced PLA parts manufactured by fused deposition modeling. J. Thermoplast. Compos. Mater. 2021, 34, 581–595. [Google Scholar] [CrossRef]








[image: Polymers 14 01222 g001 550] 





Figure 1. Fabrication process of 3D printable TCP–PLA composite filament. (a) 3Devo filament maker extruder. (b) Front view of the extruder showing the filament extrusion out of the nozzle to the puller system. (c) Side view of the extruder showing the spooling process of the filament. (d) Top view showing the TCP powder with the PLA pellets in the hopper. 
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Figure 2. FDM process of tensile bars of (a) PLA and (b) TCP–PLA. The printed tensile bars of (c) PLA and (d) TCP–PLA. 
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Figure 3. SEM images of PLA filament at (a) low and (b) high magnification and TCP–PLA filament at (c) low and (d) high magnification. (The scale bar represents the actual length). 
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Figure 4. (a)SEM high magnification image of TCP–PLA filament. (b)EDX analysis of TCP–PLA filament. EDX element mapping of (c) Carbon, (d) Calcium, (e) Phosphorus, and (f) Oxygen. (The scale bar represents the actual length). 
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Figure 5. FTIR data of TCP, PLA, and TCP–PLA. 
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Figure 6. XRD patterns of TCP, PLA, and TCP–PLA. 
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Figure 7. DSC results of PLA and TCP–PLA filaments. 
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Figure 8. DSC results of PLA and TCP–PLA samples printed at different nozzle temperatures. 
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Figure 9. Crystallinity of PLA and TCP–PLA samples printed at different nozzle temperature (190 °C, 200 °C, 210 °C, and 220 °C). 






Figure 9. Crystallinity of PLA and TCP–PLA samples printed at different nozzle temperature (190 °C, 200 °C, 210 °C, and 220 °C).



[image: Polymers 14 01222 g009]







[image: Polymers 14 01222 g010 550] 





Figure 10. Rheological properties. (a) Dynamic strain sweep test (elastic modulus (G′)/viscous modulus (G″) vs. strain%). (b) Investigating Cox–Merz rule (complex viscosity (η*)/shear viscosity (η) vs. frequency (ω)/shear rate (  γ ˙  )). (c–f) Complex viscosity, elastic modulus, and viscous modulus obtained from the dynamic frequency sweep test. 
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Figure 11. (a) Tensile strength and (b) Young’s modulus of PLA and TCP–PLA samples printed at different nozzle temperatures. (c) and (d) SEM images of tensile fractured surface morphology of TCP–PLA (Red circles locate the voids generated by TCP particles during tension). (The asterisk (*) and plus symbol are significant with respect to PLA and TCP–PLA samples printed at 190 °C, respectively). (The scale bar represents the actual length). 
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Table 1. Thermal properties of PLA and TCP–PLA filaments obtained from DSC.
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	Specimen
	Tg (°C)
	Tc (°C)
	Tm (°C)
	Hm (J/g)
	Xcw (%)





	PLA
	70.07
	-
	154.26
	30.439
	32.73



	TCP–PLA
	57
	125.05
	150.39
	16.919
	19.354
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Table 2. Thermal properties of PLA and TCP–PLA samples printed at different nozzle temperatures.
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Specimen

	
Nozzle Temperature (°C)

	
Tg (°C)

	
Tc (°C)

	
Tm (°C)

	
Hm (J/g)

	
Xcw (%)






	
PLA

	
190

	
61.58

	
122.86

	
152.3

	
18.47

	
19.86




	
200

	
65.8

	
122.98

	
152.8

	
19.242

	
20.69




	
210

	
68.63

	
121.28

	
151.82

	
20.864

	
22.434




	
220

	
70.2

	
121.14

	
151.29

	
23.771

	
25.56




	
TCP–PLA

	
190

	
60.52

	
125.1

	
150.85

	
13.704

	
15.51




	
200

	
60.19

	
124.39

	
151.01

	
14.87

	
16.83




	
210

	
60.68

	
125.05

	
151.1

	
15.28

	
17.29




	
220

	
62.92

	
124.58

	
150.67

	
16.603

	
18.792

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Endothermal Heat Flow

TCP-PLA

PLA

&

60

75 90

105 120 135
Temperature (°C)

150

165

180

195






media/file4.png
- w
- - »
o Ty o . -
AV /. 4 o - LN
STy A
Py S BE. B
v wOLGGS
,
i






media/file18.png
25

-~ 20
S .
E —/
> r####,##’“””.ﬂ———
15 |
—a—PLA
—e—TCP-PLA
10
190 200 210 220

Nozzle Temperature (°C)






media/file21.jpg
Young's Modulus (GPa) T

P = w2
Nozzle Temperature (°C) Nozzle Temperature (°C)

ara srerna FETRIN

Fracture
Location






media/file3.jpg





media/file22.png
) =
8 8

Tensile Strength (MPa

200 210

Nozzle Temperature (°C)
B PLA BTCP-PLA

Fracture
Location

>3
S

Young's Modulus (GPa)

3
un

P2

wn

200 210
MNozzle Temperature (°C)
mPLA m TCP-PLA

Fracture

Location ‘i






media/file19.jpg
= e
2020288860, e
cacada.,
E . e [
5 £ i
B = || F e
S “reran
Strain (%) SN E)
o) [armee e
e = REE
2. s o, oy i ftpte” s
2 shne | Th =
€ frrrpg;is | AR e
- R Iy AN =
o (radss) - oy
=
- p—
uei e el
.
ooty Sty






media/file7.jpg
Oxygen (0)

i)
g
2
2
3
2
£






media/file10.png
H,0 PO, :

TCP : *
s
PLA 0
— g
c
m
ittt
=
-
TCP-PLA @

———

o
i
3700 3200 2700 2200 1700 1200 700

Wavenumber (cm™)






media/file14.png
JL TCP-PLA

PLA

Endothermal Heat Flow

45 60 75 90 105 120 135
Temperature (°C)

150

165

180

195






media/file11.jpg
= CDD 09-0432

TCP-PLA

(ne) Ausuazu|

as

a0

35

30

25

20

15

10

20






media/file6.png





media/file15.jpg
Endothermal Heat Flow

TCP-pLA (220°€)

TCP-pLA (190°C)

PLA (220°0)
TCP-PLA (210 °C)

PLA(210°0)

TCP-PLA(200°C)

PLA(200°C)

PLA(190°0)

a5

6

e 105 15 ws s 15
Temperature (°C)

—1o0na
—0nn
— 2008
—a0ma
— a0t
— ot
—10Tan
—a0tan






nav.xhtml


  polymers-14-01222


  
    		
      polymers-14-01222
    


  




  





media/file16.png
—

TCP-PLA (220 °C)
PLA (220 °C)

TCP-PLA (210 °C) .

PLA (210 °C)

TCP-PLA (200 °C)

Endothermal Heat Flow

ISR

PLA (200 °C)
TCP-PLA (190 °C
PLA (190 °C)
45 65 85 105 125 145 165 185

Temperature (°C)

— 190 PLA
—200 PLA

210 PLA
——220PLA
— 210 TCP-PLA
— 220 TCP-PLA
— 190 TCP-PLA
— 200 TCP-PLA






media/file2.png
TCP-PLA mixture
in the hopper

Nozzle

TCP-PLA Filament
c)

Cooling Fans
Optical Sensor

/ .
[ Puller system
| O—Pd | Spool






media/file20.png
a) 10,000 § b) 1000 §ooo
1 000 L o g
— ‘EOODGOOOGGQ ? : -
(3] l! e ® & 5 & & & ® 9 -
o i L a ¥ E B EmEEEEE g .
—
iD 100 | ‘; 100 ¢ o PLAn*
E —~— s
~ cPLA G' -h: - o PLAn
U 11} i
10 | APLAG i = TCP-PLA n*
3 - a3’ 3
; ® TCP-PLA o TCP-PLA N
A TCP-PLAG" 10 sl bk b s 2 asd il
. P 1 10 100 1000
1 10 100 1000 - 1)
: o (rad/s S
Strain (%) ( My (
nlgl?PI.AG'
d) 100,000 ¥ .
C A190 PLAG
) o C10PLA 3 § g g I ® 100 TCP-PLA G
! ° o o # 190 TCP-PLA A a : 5 ; § 4 190 TCP-PLA G"
800t S oog oo 0200 PLA & 3 é s o2 8 L 0200 PLAG'
,;.., S o o . o © = 10,000 :L ﬁ a | A 200 PLAG"
. s ﬁ N e , 90 ) =200 TCP-PLA| | &1 i 8 4 . . 200 TCPPLA G
& ¥ ¢ 5 g 2 . e O A210 PLA E’D f f E g - 4 200 TCP-PLA G*
* 4 A A A ﬂ.t [ ] A210TCP-PLALl : o o * o 210 PLAG'
= - toa g O 1000} ¢ 210 PLAG"
5 L 4 a . &
i & ©220PLA [ ® » 10 TCP-PLA G
T ¢ * % 0, # 220 TCP-PLA $ © 210 TCP-PLA G-
* o2 PLAG'
80 .
100 ATZXPLAG
10 100 1000 10 100 1000 2otcepac
w (rad/S) ® (rad/s) 4 220 TCP-PLA G"
E) o 190 PLA 100.000 o =190 PLA
100,000 ¢ o 5 : 3 g 8
E o O 3 ® 190 TCP-PLA - q 8 ' ! ‘ ® 190 TCP-PLA
[ o g 8 § 0 200 PLA i 9 8 ! ! o ' 0200 PLA
10,000 E °© ¥ m @ ¢ =200TCP-PLA | | © 10,000 : ! . m 200 TCP-PLA
E 0 9 R * - ] Lt 210 PLA
p— t o » A . A210PLA - F A A
& ¥ - a2107cp-pia | |O [ 4 210 TCP-PLA
— * 4
T 1000 £ o » ©220PLA 1000 E ©220 PLA
| I * 220 TCP-PLA [ * 220 TCP-PLA
lm P | 22 lw ey
10 100 1000 10 100 1000
o (rad/s) ® (rad/s)






media/file5.jpg





media/file1.jpg
TCP-PLA mixture
in the hopper

<)
@D ||, contngans

Optical Sensor
Puller system






media/file12.png
m|CDD 09-0432

(n"e) Ayisuaju|

45

40

35

30

25

20

15

10

26






media/file9.jpg
TcP

PLA

TCP-PLA

Transmittance (%)

3700 3200 2700 2200 1700
Wavenumber (cm?)

1200

700






media/file0.png





media/file8.png
= - '..:'tl.._'-?l: ...-.- ) : .: . -

Ca

o T

-
-

-

. ~".
., 0F
s
H

..fi-é:%

e

’.
’

©

phorus






media/file17.jpg
25

Xew (%)

15
—=—PLA
—e—TCPPLA
10
190 200 210

Nozzle Temperature (°C)

220






