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Abstract

:

The incorporation of fiber reinforcements into polymer matrices has emerged as an effective strategy to enhance the mechanical properties of composites. This study investigated the tensile and fracture behavior of 3D-printed polylactic acid (PLA) composites reinforced with chopped carbon fibers (CCFs) through experimental characterization and finite element analysis (FEA). Composite samples with varying CCF orientations (0°, 0°/90°, +45°/−45°, and 0°/+45°/−45°/90°) were fabricated via fused filament fabrication (FFF) and subjected to tensile and single-edge notched bend (SENB) tests. The experimental results revealed a significant improvement in tensile strength, elastic modulus, and fracture toughness compared to unreinforced PLA. The 0°/+45°/90° orientation exhibited a 3.6% increase in tensile strength, while the +45°/−45° orientation displayed a 29.9% enhancement in elastic modulus and a 29.9% improvement in fracture toughness (259.12 MPa) relative to neat PLA (199.34 MPa√m). An inverse correlation between tensile strength and fracture toughness was observed, attributed to mechanisms such as crack deflection, fiber bridging, and fiber pull-out facilitated by multi-directional fiber orientations. FEA simulations incorporating a transversely isotropic material model and the J-integral approach were conducted using Abaqus, accurately predicting fracture toughness trends with a maximum discrepancy of 8% compared to experimental data. Fractographic analysis elucidated the strengthening mechanisms, highlighting the potential of tailoring CCF orientation to optimize mechanical performance for structural applications.
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1. Introduction


Additive manufacturing (AM), more commonly referred to as three-dimensional (3D) printing, is a disruptive technology that allows the manufacture of complex geometries with a level of precision and accuracy that has potential to be improved [1,2]. Additive manufacturing (AM) has revolutionized the production of complex geometries with unprecedented precision and accuracy [3,4]. One of the key advantages of 3D printing, especially fused filament fabrication (FFF), is its ability to significantly enhance mechanical properties through the incorporation of reinforcing materials [5,6]. Among the many materials applied in additive manufacturing, polylactic acid (PLA) is well liked, not only for its biodegradability and renewability, but also because it is biocompatible [7,8]. PLA is a kind of thermoplastic polyester; it is derived from renewable sources such as corn starch or sugarcane and is an environmentally friendly type of plastic [5]. However, this resin often has relatively inferior mechanical properties, such as brittleness and poor impact strength, which results in limitations to its applications in many areas where high mechanical performance is needed.



Compared to traditional manufacturing methods, which often involve subtractive processes leading to material wastage, 3D printing is highly efficient and environmentally friendly. The integration of carbon fibers into PLA (polylactic acid) matrices has been particularly noteworthy. Carbon fibers enhance the mechanical properties of PLA by providing superior tensile strength, fracture toughness, and durability. This is attributed to carbon fibers’ high strength-to-weight ratio, excellent stiffness, and thermal stability, making the resulting PLA–carbon fiber composites suitable for high-performance engineering applications. These enhancements are crucial for expanding the applicability of PLA in load-bearing and structural components—applications where pure PLA would traditionally fall short due to its inherent mechanical limitations.



Among the various AM techniques, fused filament fabrication (FFF) or fused deposition modeling (FDM)—a popular technique—has the advantages of easy use, low cost, and processing of a wide range of thermoplastic materials [5,6] Additive manufacturing (AM) has now been termed the new era of manufacturing, mainly because it allows increasing complexity in the production of substances across a diverse range of industries, such as aerospace, automobile, biomedical, and customer products [7,9,10]. The utilization of FDM has been pursued in AM strategies because of its cost-effectiveness, ease of use, and flexibility [11,12]. MAKINGPLA is advantageous; however, its applicability in load-bearing and structural components has been restricted by its intrinsic mechanical deficiencies, such as low strength, stiffness, and fracture toughness [13].



Recent advancements in 3D printing have facilitated the exploration of various composite materials to enhance mechanical properties. Significant research has been carried out to enhance the mechanical performance of PLA by the addition of reinforcing materials, in particular, carbon fibers (CFs). The addition of reinforcing materials, especially carbon fibers, has been used to enhancing PLA’s mechanical properties and fracture toughness for components designed for 3D printing. Numerous research studies have been conducted on the effect of both chopped and continuous carbon fibers on the properties of PLA matrices. Knowledge of the effects of chopped carbon fibers on the properties of 3D-PLA parts can be used to develop new advanced composites for application as AM products with tailor-made properties [14].



One study addressed the circular economy by converting waste polypropylene (PP) and carbon fibers into upcycled composite materials suitable for additive manufacturing. This research optimized material extrusion and 3D printing to overcome adhesion and warpage issues, examining the effects of various carbon fiber weight fractions on filament properties and printability. The results highlighted the successful fabrication of fiber-reinforced filaments despite some reduction in mechanical properties due to thermal processes during production [15]. Another study explored the micromechanics of short carbon fiber-reinforced thermoplastics (sCFRTP) produced via 3D printing. This investigation analyzed the effects of different printing parameters on tensile properties and internal structure through tensile testing, X-ray computed tomography, and theoretical analysis. The study found that fiber length, void volume, and fiber orientation significantly impacted mechanical properties, with optimal parameters enhancing Young’s moduli and tensile strengths [16]. Additionally, research on 3D-printed continuous fiber-reinforced PA6 composites examined their degradation in salt water. Using a Markforged® Mark Two 3D printer, the study fabricated samples reinforced with carbon, glass, and Kevlar fibers. Mechanical tests post-ageing in saltwater revealed significant reductions in tensile and flexural strengths, with carbon fiber-reinforced samples showing the least degradation [17]. One of the most promising routes towards the enhancement of the strength, stiffness, and fracture toughness of PLA-based composites is reinforcing them with chopped carbon fibers. As a result, there is a need for further research to assess the impact of chopped carbon fiber reinforcement on both the mechanical properties and the fracture toughness of 3D-printed PLA parts [11,12]. Much research effort has already been devoted to developing strategies for improving the mechanical performance of PLA, such as the addition of different reinforcing fillers. Vălean et al. [18] conducted static and fatigue trials of 3D-printed PLA and PLA short carbon fiber-reinforced parts. They found that the addition of short carbon fibers resulted in a significant improvement in the tensile strength, fracture toughness, and fatigue life of the specimens. Iragi et al. [19] researched the ply and interlaminar behaviors of 3D-printed continuous carbon fiber-reinforced thermoplastic laminates, relating these to processing conditions and microstructure. Their study revealed the importance of process parameter optimization and showed good potential regarding the targeted mechanical properties.



Li et al. [20] studied a binding layer of a carbon fiber/PLA in FDM samples, and tensile strength and elastic modulus improvements were recorded. Another study [21] designed and cohesively tested structurally alternate-layered polymer composites using PLA material and carbon fiber-reinforced PLA. The studies showed the intended applications of the composites and the good prospects of using them as carbon fiber-reinforced materials. It has been reported that the lower melt flow rate (MFR) of PLA/CCF samples enhanced interfilament adhesion, which significantly improved the mechanical properties of the composite [22]. The strong adhesion forces between the filaments lead to enhanced mechanical performance. Additionally, the homogeneous orientation of the CCFs within the PLA/CCF matrix facilitates effective load transfer and absorption from external forces, thereby further enhancing the mechanical properties [23]. Moreover, the uniformly dispersed carbon fibers act as heterogeneous nucleation sites, reducing the crystallization temperature of PLA and increasing its degree of crystallinity. These changes in crystallization behavior resulted in improved mechanical properties of PLA/CCF composites compared to pure PLA samples [24]. In addition to short carbon fibers, continuous carbon fibers have been considered for use with PLA matrices in additive manufacturing applications. Wang et al. [25] studied the preparation of continuous carbon fiber-reinforced PLA prepreg filaments, while Li et al. [26] studied the mechanical performances of continuous carbon fiber-reinforced PLA composites printed in vacuum environments.



Naranjo-Lozada et al. [27] compared the tensile properties and failure behavior of chopped and continuous carbon fiber composites manufactured by additive manufacturing. Their study showed the better mechanical performance of the continuous fiber composites in comparison to their chopped counterparts. Yadav et al. [28] studied the flexural strength and surface profiling of carbon-based PLA parts developed by additive manufacturing. The results showed that carbon fiber reinforcement has the potential for achieving improved flexural performance of 3D-printed PLA components. However, further research will be required in order to fully optimize processing conditions, fiber content, and material compositions with the intention of fully exploiting the advantages of reinforced composites for a wide range of applications in additive manufacturing. Few researchers have published their work due to the influence of several factors on the mechanical properties of PLA in 3D printing. The present study gives an account of the conspicuous factors that have been identified for altering the mechanical properties of PLA in 3D printing. Similarly, Kumar Patro et al. [29] worked on the mechanical properties of 3D-printed sandwich structures developed using PLA and acrylonitrile butadiene styrene (ABS). The conclusion derived from this study was that the infill pattern, layer thickness, and raster angle had a significant effect on the mechanical properties of the sandwich structures developed using this infill. The samples developed with a hexagonal infill pattern and a 0° raster angle had the highest tensile strengths and tensile moduli. Zwawi [30] evaluated the integrity of a structure and PLA 3D-printed eye grab hooks’ fracture prediction with different cross-sections, and it was concluded that the mechanical behavior of the hooks was significantly influenced by the cross-sectional shape and size. More specifically, hooks with a rectangular cross-section showed better strength together with fracture toughness compared to those featuring a circular cross-section. Wu et al. [31] studied the influence of layer thickness, raster angle, deformation temperature, and recovery temperature of shape memory on 3D-printed PLA samples. The study found that it was mainly the angle of the raster and the deformation temperature that influenced the shape memory effect. It was shown that samples achieved the most significant shape memory effect at a deformation temperature of 60 °C with a change in raster angle of 0°. Kartikeyan et al. [5] found that the mechanical properties of specimens fabricated by FDM 3D printing were affected by the relation between layer thickness, raster angle, and build orientation. The tensile strength and modulus results indicated that the best performance was achieved by a specimen with a 0° raster angle and a build orientation in parallel with the loading direction. Sajjadi et al. [32] also presented a study on 3D-printed high-impact polystyrene fracture properties with and without raster angles based on essential work of the fracture method.



Each research work showed that the raster angle exerts a remarkable influence on the fracture toughness of HIPS specimens, whereas specimens with a 0° raster angle exhibit higher fracture toughness. Ayatollahi et al. [33] studied the in-plane raster angle effect on the tensile and fracture strengths of 3D-printed PLA specimens. Therefore, the raster angle dominated the mechanical behavior of the specimens. It has been indicated that the tensile and fracture strengths are higher for specimens with a 0° raster angle. Another experimental investigation [34] evaluated a 3D-printed ABS specimen under tension–tear loading and the influence of raster orientation on fracture behavior. The results showed that raster orientation noticeably contributed to the fracture toughness and flexibility of the specimen. Therefore, the specimen with a raster angle of 90° showed larger values of fracture toughness and ductility. Gongabadi et al. [35] studied the influence of raster angle, build orientation, and infill density on the elasticity of 3D-printed parts. The specimens for the experiments were modelled using finite elements with microstructural modeling and homogenization techniques.



The raster angle, the build orientation, and the infill density were found to be the principal factors that affected the elastic response of specimens. The results obtained indicated that the specimens with a 0° raster angle, parallel orientation to the loading direction, and high infill density presented the highest elastic modulus values [36]. Studies examined the effects of printing parameters on the mechanical properties of 3D-printed polymer composites/structures. Khan et al. [26] found for FFF-printed PLA-PETG-ABS composites that infill density and raster angle significantly impacted the tensile strength/modulus, with 100% infill and a 0° raster angle being optimal. Karimi et al. [36] analyzed the effect of the layer angle as well as the ambient temperature on the mechanical and fracture properties of unidirectional 3D-printed PLA materials. The study concluded that both the layer angle and the ambient temperature had major effects on the mechanical and fracture behavior of the specimens. Samples made with a 0° layer angle and tested at room temperature showed the highest tensile strengths and fracture toughness. These studies indicate that the optimal values of these factors depend on the specific application of interest and the desired properties.



The novelty of this work lies in its comprehensive approach to evaluating the mechanical properties and fracture toughness of 3D-printed PLA composites reinforced with chopped carbon fibers. Unlike previous studies that primarily focused on continuous carbon fibers, this research investigates the effects of chopped fibers, which offer distinct advantages in terms of processing and material behavior. This study aims to fill the gap in the literature by providing detailed insights into the performance enhancements achievable through the use of chopped carbon fibers in PLA matrices, thereby advancing the potential applications of 3D-printed composites in engineering fields.



The motivation for studying PLA composites with chopped carbon fibers stems from the need to enhance the mechanical properties of PLA for broader engineering applications. PLA’s biodegradability and ease of processing make it an attractive material; however, its inherent mechanical limitations restrict its use in high-performance applications. By incorporating chopped carbon fibers, we aim to leverage their high strength-to-weight ratio and excellent stiffness to create a composite material that combines the environmental benefits of PLA with the superior mechanical properties of carbon fibers. This study not only provides a sustainable solution but also extends the application range of 3D-printed PLA composites.



This study aimed to investigate the effect of chopped carbon fibers on the mechanical properties and fracture toughness of PLA 3D-printed parts. Specifically, the objectives were as follows:




	
To fabricate PLA-CF composite samples with varying CCF orientations (0°, 0°/90°, +45°/−45°, and 0°/+45°/−45°/90°) using the FFF technique.



	
To experimentally evaluate the tensile properties and fracture toughness (via the single-edge notched bend (SENB) method) of the composite samples.



	
To look at how in-plane raster orientation affects the tensile and fracture strengths of PLA parts made with the FDM method. (The paper starts with a theoretical background of the stress field around the crack tip.)



	
To develop and validate a finite element analysis (FEA) model using Abaqus to predict the fracture toughness of the composite samples.



	
To analyze the effects of CF orientation on the mechanical properties and fracture toughness of the PLA-CF composites.



	
To provide insights into the strengthening and toughening mechanisms of PLA-CF composites and their potential applications.








This study aims to contribute to the understanding of the mechanical behavior of PLA-CF composites fabricated via FFF, particularly the effects of CF orientation on fracture toughness. By employing both experimental and simulation approaches, this research seeks to provide a comprehensive analysis of the mechanical performance of these composites and their potential for structural applications.



The rest of this paper is organized as follows. Section 2 defines the materials and experimental methods used. These include the PLA and carbon fiber materials, details of the composite fabrication procedure through the FFF process, the mechanical testing methodologies (tensile and fracture toughness), and the FEA modeling approach. In Section 3, the obtained results, such as the tensile properties, the values of fracture toughness, the fractographic analysis, and the mechanisms of strengthening and toughening, along with a comparison with earlier studies, are discussed. Section 4 summarizes the major conclusions and practical implications, as well as future research directions.




2. Theoretical Background


The theoretical framework underpinning fracture mechanics analysis is essential for interpreting the experimental findings and comprehending the fracture behavior of the composite samples. In the realm of linear elastic fracture mechanics (LEFM), the stress field near the crack tip in a linear elastic material subjected to mode I loading can be defined by the following equation [37]:


        σ   r r   =     K   I      2 π r        5   4   c o s ⁡     θ   2     −   1   4   c o s ⁡     3 θ   2       + …        σ   θ θ   =     K   I      2 π r        3   4   c o s ⁡     θ   2     +   1   4   c o s ⁡     3 θ   2       + …        σ   r θ   =     K   I      2 π r        1   4   s i n ⁡     θ   2     +   1   4   s i n ⁡     3 θ   2       + …     



(1)




where σij represents the stress tensor components, r and θ are the polar coordinates centered at the crack tip, KI is the mode I stress intensity factor that quantifies the magnitude of stress around the crack tip, and fij(θ) is a dimensionless function of the angle θ. It is important to note that while Equation (1) is accurate for isotropic materials, it can still serve as a good approximation for linear elastic stresses near the crack tip for materials exhibiting slight anisotropic behavior [38]. According to the principles of LEFM, mode I fracture occurs when the stress intensity factor, KI, reaches its critical value, KIc, which is defined as the material’s fracture toughness [37]. However, when the amount of plastic deformation around the crack tip is not negligible, the assumption of linear elasticity breaks down and an alternative characterizing parameter, J, is employed. The J-integral, proposed by Rice [39], represents the rate of change in the net potential energy for non-linear elastic solids and serves as a parameter quantifying the singularity strength at the crack tip in elastic–plastic fracture mechanics.



The J-integral is defined as follows:


J = ∫Γ (Wdy − Ti ∂ui/∂x ∂s)



(2)




where W is the strain energy density, Ti is the traction vector, ui is the displacement vector, and Γ is a counterclockwise integration path surrounding the crack tip [37,38]. The J-integral provides a measure of the energy release rate associated with crack growth and is particularly useful for materials exhibiting significant plastic deformation at the crack tip. In the context of this study, both the stress intensity factor (KI) and the J-integral will be employed to characterize the fracture behavior of the PLA-CF composite samples, depending on the level of plastic deformation observed. The theoretical background provided by LEFM and elastic–plastic fracture mechanics will guide the interpretation of experimental data and facilitate a comprehensive understanding of the fracture toughness of the composites under investigation.




3. Materials and Methods


3.1. Materials


In this work, the following components were utilized: PLA granules and short carbon fibers (CCFs) of polyacrylonitrile (PAN), which were all acquired commercially from Dongguan ANT Plastic Technology Co., Ltd., Dongguan, China. The CCFs had diameters in the range of 40–60 µm and lengths in the range of 15–20 µm, as recommended for better reinforcement of the polymer composites [40]. Before mixing the polymer components, the carbon fibers’ surfaces were treated to improve their interfacial bonding with the PLA matrix. The CCFs were placed in a solution of 20 wt% H2SO4 so that oxygen-attached functional groups could develop on the surface, enhancing wettability and achieving greater surface rugosity for better interfacial bonding [41]. In addition, to improve the performance properties of PLA and the PLA/CCF filaments, the CCFs were coated with a KH570 saline coupling agent (γ-aminopropyltriethoxysilane). Silane coupling agents are widely used to enhance interfacial adhesion between reinforcing fibers and polymeric matrices. The processing was performed using a TY-7004 single-screw extrusion machine obtained from Dongguan Tienyu Machinery Co., Ltd., China. The extrusion was performed at a temperature of 180 °C and a screw speed of 200 revolutions per minute. These parameters were set based on general recommendations for PLA processing [42]. The quantity of carbon fiber in the PLA/CCF filaments was 15 wt%—a common value in chopped fiber-reinforced PLA composites. The filaments were extruded to a diameter of 1.75 mm—a standard size for FDM printers [24]. To ensure precise control of the filament diameter, a diameter measurement system was incorporated into the extruder. This system continuously monitored the filament during production, automatically adjusting the extrusion parameters to maintain a consistent diameter of 1.75 mm. Real-time feedback and adjustments were made to correct any deviations, ensuring uniform filament dimensions essential for high-quality 3D printing. Figure 1 schematically describes the reinforcement mechanism of the PLA composite samples with the incorporation of CCF.




3.2. Composite Fabrication


The composite samples were fabricated using the fused deposition modeling (FDM) technique, also referred to as fused filament fabrication (FFF), with a Creality Ender 3 Pro 3D printer (Creality, Shenzhen, China). Initially, a 3D model was created in SolidWorks software2017, which was then converted into an STL format file. This STL file was processed by slicing software specific to (AM) technology, which divided the model into layers and generated a file containing the necessary information for each layer, including toolpath coordinates and extrusion rates. The slicing data were subsequently translated into machine instructions using G-code.



During the manufacturing process, the filament was heated to a printing temperature of 200 °C and extruded through a nozzle with a diameter of 0.4 mm to print each layer of the object. After each layer was printed, the nozzle moved vertically according to a predetermined layer height to begin printing the next layer. The slicing software defined the filament trajectory to fill the product geometry and create a shell with a specific raster angle pattern, which was achieved by alternating the orientation of successive layers. To address the challenge of printing with a high fiber content using a 0.4 mm nozzle, a heated chamber was utilized, and the filament was pre-heated to a molten state before extrusion in the production process, as shown in Figure 2. The platform temperature was maintained at 50 °C to mitigate residual stress, facilitating smoother extrusion and preventing nozzle clogging, thus enabling the successful fabrication of PLA/CCF samples with enhanced mechanical properties.



The following sample groups were used to investigate the influence of fiber orientation, the composite samples being fabricated with four different fiber orientations: 0°, 0°/90°, +45°/−45°, and 0°/+45°/−45°/90°. These orientations were achieved by controlling the filament deposition pathways during the printing process via the slicing software. The 0° orientation indicates that all layers were printed with the fibers aligned along the primary loading direction, while the 0°/90° orientation alternated between 0° and 90° fiber orientations in successive layers. The +45°/−45° orientation alternated between +45° and −45° fiber orientations, and the 0°/+45°/−45°/90°orientation combined all three orientations in a specific sequence [34]. For each orientation group, a sufficient number of samples were printed to ensure statistical significance in the subsequent mechanical testing.



The critical printing parameters employed for fabricating the PLA-CCF composite samples via the FDM process are summarized in Table 1. These parameters, including printing speed, nozzle diameter, layer thickness, raster angle, and print temperature, were carefully selected based on prior optimization studies to ensure consistent and high-quality printing. Table 2 outlines the different composite sample groups produced, each characterized by a distinct fiber orientation configuration (0°, 0°/90°, +45°/−45°, and 0°/+45°/−45°/90°). The dimensions of the printed specimens, tailored for subsequent mechanical testing and fracture toughness evaluation, are also specified in Table 2.



The comprehensive experimental workflow, encompassing sample fabrication and the various testing procedures, is illustrated in Figure 3. This diagram provides a step-by-step overview of the entire process, starting from the preparation of the 3D printer to the loading of the PLA/CCF filament. The 3D printing process, including the manufacturing of samples with different orientations of the fibers, was followed by sample preparation steps, including cutting samples into the required shape and size and making notches on the samples for fracture toughness tests. Other stages included performing tensile tests according to ASTM standards, from which load–displacement data could be extracted, and the evaluation of fracture toughness using the SENB method. The final steps included analysis of the data, where the acquired mechanical properties were interpreted, the fracture toughness values were calculated, and the effect of fiber orientation on the composite’s performance was investigated.



3.2.1. Tensile Testing


Uniaxial tensile tests were conducted using an Instron 5980 system, operating at a crosshead speed of 1 mm/min in accordance with ASTM D638 procedures [43,44,45]. Dog-bone specimens, prepared following the ASTM D638 Type IV standard, were subjected to tension testing. The average maximum tensile strength, elastic modulus, and elongation at break were calculated based on results obtained from three specimens per group [46]. This approach ensured consistency with established testing methodologies, thereby facilitating reliable comparison and reproducibility of the results. The use of the ASTM D638 standard, despite its primary application to unreinforced plastics, is justified by its widespread recognition and detailed procedural guidelines, which are applicable to composite materials as well.




3.2.2. Fracture Testing for Mode I


The fracture toughness of the SENB samples was evaluated under three-point bending on an Instron 5980 system. The samples were loaded at a rate of 0.5 mm/min until failure [47,48]. The KIc critical stress intensity factor was determined on the basis of the maximum load measured for each raster pattern. The KIC could be obtained using the equation below.


    K   I C   =     P   m a x     B   W   1 / 2     f     a   W      








where Pmax is the maximum load recorded during the test (N), B is the thickness of the specimen (mm), W is the width of the specimen (mm), and a is the initial crack length (mm). The function   f     a   W       is a dimensionless geometry factor that depends on the ratio of the crack length to the specimen width and can be determined from standard tables or empirical equations.






4. Finite Element Analysis


The finite element analysis (FEA) was performed using the commercial software Abaqus (version 2017; Dassault Systèmes, Providence, RI, USA) to predict the fracture toughness values of the PLA-CCF composite samples. A three-dimensional (3D) model of the single-edge notched bend (SENB) specimen geometry was created based on the experimental dimensions as shown in Figure 4 and material defined from specified in Table 2. The SENB specimen was discretized using a structured mesh of hexahedral elements with a higher mesh density in the crack-tip region to capture the stress singularity accurately. Convergence studies were performed to ensure that the mesh size did not significantly influence the fracture toughness predictions. The PLA-CCF composite was modelled as a transversely isotropic material, with the material properties defined using the elastic constants and strengths obtained from experimental characterization and data reported in the literature [43,44]. The carbon fibers were assumed to be aligned in the specified orientations (0°, 0°/90°, +45°/−45°, and 0°/+45°/−45°/90°) within the PLA matrix.



The boundary conditions were applied to replicate the three-point bend configuration used in the experimental SENB tests. The bottom surface of the specimen was constrained in the vertical direction, while the loading was applied through a prescribed displacement on the top surface at the midspan location.



The crack was modelled as a seam crack with an initial crack length equal to the notch length introduced during sample preparation. The crack tip was defined as a focused circular region with a radius of 2 mm, consistent with the experimental observations.



A mesh sensitivity study was conducted to quantify the degree of discretization required for the convergence of the finite element solutions [49,50]. This was achieved by systematically varying the number of elements in the SENB model and evaluating the response. Models were generated with total element counts ranging from 2000 to 16,000 two-dimensional 8-noded quadrilateral elements (CPS8) as shown in Figure 5. All other parameters, including geometry, material properties, loads, and boundary conditions, were kept constant.



Prediction of Fracture Toughness Values


The fracture toughness predictions were based on the J-integral approach, which is suitable for materials exhibiting significant plastic deformation at the crack tip. The J-integral was evaluated along a contour integral path surrounding the crack tip, and the critical value of the J-integral at fracture initiation was determined. The critical J-integral value (Jc) was then used to calculate the fracture toughness (KIc) using the following equation [37]:





   K  I C   =  E   ∗ J c   



(3)




where E is the effective elastic modulus of the PLA-CCF composite, which accounts for the anisotropic behavior of the material.



The FEA simulations were performed for each fiber orientation group, and the predicted fracture toughness values were compared with the experimental results. The influence of fiber orientation on fracture toughness was analyzed, and the mechanisms governing the fracture behavior of the PLA-CCF composites were investigated. Additionally, the stress and strain distributions within the composite samples were examined to gain insights into the failure mechanisms and the role of fiber reinforcement in enhancing fracture toughness.





5. Results and Discussion


5.1. Tensile Properties


The tensile stress–strain curves obtained from the uniaxial tensile tests on the PLA-CCF composite samples are presented in Figure 6. The curves exhibit a typical elastoplastic behavior, with an initial linear elastic region followed by a non-linear plastic deformation region until failure. The results indicate a significant improvement in tensile properties with the incorporation of chopped carbon fibers (CCFs) into the PLA matrix, corroborating findings from previous studies [9,10].



The tensile strength and elastic modulus values of the PLA-CCF composites for different fiber orientations are presented in Figure 6. As evident observed from the Figure 7, the incorporation of chopped carbon fibers (CCFs) into the PLA matrix resulted in significant improvements in tensile properties compared to unreinforced PLA. The 0° fiber orientation (sample A1) exhibited a tensile strength of 27.8 MPa, benefiting from the fibers being aligned along the loading direction, which effectively transferred the applied loads. Similarly, sample A3, another 0°-oriented sample, showed a high tensile strength of 27.4 MPa.



In contrast, the 0°/90° orientation (sample A2) displayed a lower tensile strength of 16.786 MPa, suggesting that while fibers oriented perpendicularly to the loading direction can still contribute to load bearing, their efficiency is reduced compared to unidirectional alignment. Sample A4, with a tensile strength of 28.8 MPa, outperformed the other orientations, indicating that the specific distribution and arrangement of fibers in this sample facilitated superior mechanical performance.



The variation in tensile strengths among the different fiber orientations highlights the anisotropic nature of the composite material. The fibers’ ability to transfer and absorb applied loads effectively depends significantly on their orientation within the matrix. This anisotropic behavior is crucial in designing composite materials for specific engineering applications where directional strength and stiffness are paramount.



In summary, the study underscores the importance of fiber orientation in enhancing the mechanical properties of PLA-CCF composites. Aligning fibers along the primary load direction maximizes tensile strength and modulus, making these composites more suitable for high-performance applications requiring specific mechanical characteristics.




5.2. Fracture Toughness Values from SENB Testing


The fracture toughness values obtained from the single-edge notched bend (SENB) tests are presented in Figure 8, and Table 3 shows the load–displacement curves of the samples. The results demonstrate that the incorporation of chopped carbon fibers (CCFs) significantly enhanced the fracture toughness of the PLA composites compared to unreinforced PLA.



The load–displacement curves (Figure 8) and the corresponding fracture toughness values (Table 3) reveal that the 0°/+45°/−45°/90° fiber orientation exhibited the highest fracture toughness, followed by the +45°/−45° orientation. This trend can be attributed to the combined effects of fiber bridging, crack deflection, and fiber pull-out mechanisms, which enhance energy dissipation and crack growth resistance.



The significant improvement in fracture toughness with the incorporation of CCF underscores the effectiveness of fiber reinforcement in enhancing the mechanical properties of PLA composites can be observed that in Figure 9.



The chopped carbon fibers provide a high strength-to-weight ratio, excellent stiffness, and thermal stability, which contribute to their ability to improve fracture toughness. These properties allow the fibers to effectively transfer and absorb applied loads, preventing crack propagation and increasing the material’s resistance to fracture [51].



The orientation of the fibers played a crucial role; among the different fiber orientations, the samples with a 0°/+45°/−45°/90° orientation exhibited the highest fracture toughness values, followed by the +45°/−45° orientation. This behavior can be attributed to the combined effects of fiber bridging, crack deflection, and fiber pull-out mechanisms that contribute to enhanced energy dissipation and crack growth resistance. Similar observations were made by Ayatollahi et al. [34], who reported that the fracture strengths of 3D-printed PLA specimens were influenced by the raster angle (fiber orientation), with the highest fracture strengths being observed for specimens with a 0°/90° raster angle. The fracture loads obtained from the SENB tests, along with the corresponding fracture toughness values, are shown in Figure 6. The fracture loads follow a similar trend to the fracture toughness values, with the highest loads observed for the 0°/+45°/90° and +45°/−45° orientations.




5.3. Analysis of Effects of Fiber Orientation on Properties


The variations in tensile performance and fracture toughness can be explained by the different fiber orientations and their effect on load transfer and failure mechanisms within the composite. In the 0° orientation, the fibers are aligned along the loading direction to effectively transfer the applied load, increasing the composite’s strength and rigidity. However, this leads to a limitation in ductility and fracture toughness due to the lack of fiber bridging and crack deflection mechanisms. In contrast, the +45°/−45° and 0°/+45°/90° orientations distribute the fibers in multiple directions, promoting more effective crack deflection, fiber bridging, and fiber pull-out mechanisms. These mechanisms contribute to increased energy dissipation and crack growth resistance, leading to improved fracture toughness. According to the results reported in Table 3 the best mechanical properties, including tensile strength, elongation at break, and fracture toughness, were obtained by the specimens oriented in the +45°/−45° printing direction.



Similar results were reported by Oviedo et al. [52] and Jap et al. [53] for the tensile behavior and fatigue performance of parts produced by the FDM technique with PLA. Oviedo et al. showed that the strain to failure of parts additively manufactured from PLA with a +45°/−45° printing direction was about 50% higher than those additively manufactured with a 0°/90° printing direction. On the other hand, dealing with fatigue performance, also in the study [53] reported that, for a constant stress amplitude, the number of cycles to failure for samples with a +45°/−45° raster orientation was more than twice that of the 0°/90° raster orientation. The fact that the tensile properties and the fracture toughness values were found to be anisotropic shows the need to include fiber orientation in such analyses and, in order to assure the best performance of PLA-CCF composites in different applications, an optimization of the single directivity orientation.




5.4. Microscopic Examination of Fracture Surfaces


Scanning electron microscopy (SEM) analysis was conducted to investigate the fracture surfaces of the PLA-CCF composite samples and gain insights into the failure mechanisms. Figure 10 shows an SEM micrograph of the chopped carbon fibers dispersed within the PLA matrix. The image was captured at a magnification of 891×, with an accelerating voltage of 20.00 kV and a working distance of 2.768 mm. The scale bar indicates a length of 50 micrometers (µm). Several carbon fibers with varying diameters can be observed, indicated as D1 (21.6 µm), D2 (9.36 µm), D3 (8.15 µm), and D4 (18.09 µm). The distribution and orientation of the chopped carbon fibers within the PLA matrix play a crucial role in determining the composite’s mechanical properties, including tensile strength, modulus, and toughness. In this micrograph, the fibers appear randomly oriented and non-uniformly distributed, which is typical for short-fiber-reinforced composites. The dispersion and orientation of the fibers can significantly influence the composite’s performance, as aligned fibers generally provide better mechanical properties along the alignment direction. In comparison, random dispersion can lead to more isotropic properties.



The distribution of the chopped carbon fibers in the PLA matrix is a critical factor in determining the composite material’s mechanical properties, such as tensile strength, modulus, and toughness. In this image, the fibers appear to be randomly oriented and not uniformly distributed, which is typical for short-fiber-reinforced composites. The dispersion and orientation of the fibers can significantly affect the composite’s performance, as aligned fibers generally provide better mechanical properties in the direction of alignment, while random dispersion can lead to more isotropic properties.



Figure 11 presents an SEM micrograph of the fracture surface of a tensile specimen from Group 1, which has a 0° fiber orientation. The image reveals slight air gaps between the filaments—an inherent feature of 3D-printed specimens. Notably, the bonding lines between the filaments do not contribute significantly to energy dissipation during fracture, as evidenced by the presence of only minor damage zones in these regions.



The SEM analysis provided valuable information on the fracture mechanisms of the 3D-printed materials and their effect on mechanical properties and performance. Hence, the importance of considering fiber orientation and other intrinsic features of 3D-printed materials in designing and analyzing components for a specific application is brought into perspective. The micrograph of the fracture surface suggests that the adhesion between filaments is less perfect, which will influence the mechanical properties of the material. These small damage zones in the bonding lines suggest that the strength of the bonding is very weak in relation to dissipating energy during fracture; hence, crack propagation may result along these lines. The fiber orientation can affect the fracture mechanism of the specimen. A +45/−45°-oriented specimen will have different fracture behavior to a 0/90-oriented specimen. The differences between the SEM micrographs accentuate how the fiber orientation influences the mechanical properties and performance of a 3D-printed material. These results are in good agreement with those obtained by [54,55], in which it was found that the bonding in 3D-printed PLA samples did not make a high contribution to the fracture energy. In general, SEM imagery has offered invaluable data in comprehending the fracture mechanisms of 3D-printed materials. Their influence on mechanical properties and performance as well as fiber orientation and other intrinsic features of 3D-printed materials have to be considered in designing and analyzing components for specific applications.




5.5. Finite Element Analysis Results


FEA was performed for each fiber orientation group, and the predicted fracture toughness values were compared with the experimental results. The association between the FEA results and the experimental data was mostly satisfactory, and the model represented the trends and fracture toughness for the various fiber orientations [56,57]. The data from the FEA, together with the outcomes of the experiment, gave an insight into the toughening and strengthening mechanisms of the PLA-CCF composites.



Stress Distribution and Crack-Tip Fields


The FEA model enabled the visualization and analysis of the stress distribution and crack-tip fields within the SENB specimens. Figure 12 shows a contour plot of the von Mises stress distribution for sample A1, representing the 0° fiber orientation. For the A1 sample, the highest stress was at the crack tip, as expected. The distribution of stress ahead of the crack tip showed a signature pattern because of the crack-tip singularity, and the maximum occurred at the crack and then decayed radially outwards. Crack-tip stress fields were determined using the J-integral approach, which is adequate for materials undergoing large plastic deformation at the tip of the crack.



Using a contour integral path surrounding the crack tip, the J-integral was evaluated, and the critical value of the J-integral at fracture initiation (Jc) was determined. The critical value of the J-integral (Jc) was used to calculate the value of the fracture toughness (KIc) through the following expression: KIc =   E ∗ J c   , where E is the effective elastic modulus of the material undergoing fracture and takes into account the anisotropic behavior of the material. It is obvious that the FEA simulations proved that ghost elements exist, as did the prevention of cracking and the closely related stress distributions and crack-tip fields responsible for the fracture behavior of the PLA-CCF composites to a great extent. The predictions of the FEA model were in very good agreement with the experimental data, accurately capturing the trends and relative differences in fracture toughness associated with the several fiber orientations. The J-integral approach, combined with the transversely isotropic material model and adequate boundary conditions, allowed reliable fracture behavior predictions of the PLA-CCF composites. In general, the results of this investigation reveal the high potential for PLA-CCF composites as really high-performance materials with very good feasibility for obtaining tailored mechanical properties, especially fracture toughness, by the proper selection of fiber orientations. These findings enrich the research on the development of advanced composite materials intended for several structural and functional applications.






6. Conclusions


The present study documents a systematic investigation into the influence of chopped carbon fiber (CCF) reinforcement and fiber orientation on the tensile strength and fracture toughness of 3D-printed PLA. The key achievements of this study include the following:




	
Enhanced tensile strength:




	-

	
The incorporation of CCF reinforcement resulted in a significant enhancement in tensile strength compared to unreinforced PLA (27.8 MPa).




	-

	
The 0°/+45°/90° fiber orientation (sample A4) exhibited the highest tensile strength of 28.8 MPa, representing a 3.6% improvement over the unreinforced baseline.




	-

	
Conversely, the 0°/90° orientation (sample A2) displayed a 39.6% decrease in tensile strength (16.786 MPa), highlighting the profound impact of fiber orientation on tensile properties.



















	
Improved fracture toughness:




	-

	
The fracture toughness data revealed a trend where multi-directional fiber orientations outperformed unidirectional orientations.




	-

	
The +45°/−45° orientation (sample A3) yielded the maximum fracture toughness of 259.12 MPa√m—a remarkable 29.9% increase compared to unreinforced PLA (199.34 MPa√m).




	-

	
The 0°/+45°/90° orientation (sample A4) exhibited an 18.9% improvement in fracture toughness (237.21 MPa√m), while the 0°/90° orientation (sample A2) showed a modest 7.0% increase (213.28 MPa√m).



















	
Critical role of fiber orientation:




	-

	
The study underscores the critical role played by fiber orientation in tailoring the mechanical properties of CCF-reinforced PLA composites.




	-

	
Unidirectional fiber orientations, such as 0°, enhance tensile strength through efficient load transfer.




	-

	
Multi-directional orientations facilitate improved fracture toughness by promoting mechanisms like crack deflection, fiber bridging, and fiber pull-out.




	-

	
The observed inverse correlation between tensile strength and fracture toughness highlights the importance of judiciously selecting the fiber orientation to meet specific mechanical performance requirements.



















	
Optimizing composite architectures:




	-

	
Composite designers can leverage the trade-off between tensile strength and fracture toughness to optimize the desired combination of strength, stiffness, and fracture resistance by strategically tailoring composite architectures.



















	
Future research directions:




	-

	
Future research endeavors should focus on further exploring the underlying mechanisms governing the observed trends, potentially through in-depth microstructural and fractographic analyses.




	-

	
Investigating the effect of varying fiber content and aspect ratios could provide valuable insights for optimizing the mechanical performance of CCF-reinforced PLA composites.














This study contributes to the rapidly evolving field of additive manufacturing by demonstrating the potential of CCF reinforcement and strategic fiber orientation in enhancing the mechanical properties of 3D-printed PLA composites. The findings pave the way for the development of high-performance, sustainable, and lightweight composite materials for a wide range of structural and functional applications, aligning with the principles of eco-friendly and resource-efficient manufacturing.
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Figure 1. Reinforcement mechanism of carbon fibers in PLA. 
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Figure 2. The production process for the samples. 
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Figure 3. Sample fabrication and testing process for the experiment. 






Figure 3. Sample fabrication and testing process for the experiment.



[image: Jcs 08 00273 g003]







[image: Jcs 08 00273 g004] 





Figure 4. The applied load and the boundary condition. 
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Figure 5. The generated mesh. 
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Figure 6. The stress–strain curves for the samples. 






Figure 6. The stress–strain curves for the samples.



[image: Jcs 08 00273 g006]







[image: Jcs 08 00273 g007] 





Figure 7. Tensile strength of PLA-CCF composites with different fiber orientations. 
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Figure 8. The SENB load–displacement results for the samples. 
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Figure 9. Fracture toughness of different samples. 
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Figure 10. SEM of PLA reinforced by CCF. 
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Figure 11. Fracture surface of samples. 
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Figure 12. Von Mises stress distribution and crack-tip fields obtained from FEA simulations for the A1 and A3 samples. 
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Table 1. Technical parameters for manufacturing polylactic acid carbon fiber-reinforced samples.
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	Parameters
	Value





	Printing speed (mm/s)
	60



	Nozzle diameter (mm)
	0.4



	Layer thickness (mm)
	0.2



	Supplied speed (mm/s)
	60



	Print temperature (°C)
	200



	Infill ratio
	100%










 





Table 2. Composite sample groups with different fiber orientations.
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	Sample Group
	Raster Orientation
	Description





	A1
	0°
	All layers are printed with fibers