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[bookmark: _Hlk197538466]Abstract. Material extrusion (ME) is a widely used additive manufacturing technique that utilizes thermoplastic materials in filament form, deposited layer by layer. Although ME offers design flexibility and rapid prototyping, its application in structural engineering is limited by mechanical challenges, including residual stresses, geometric distortions, and potential interlayer debonding issues. These challenges stem from the dynamic thermal profiles experienced during fabrication, including temperature gradients and differential hardening across adjacent layers. Furthermore, the rapid heating and cooling cycles of the polymer feedstock exacerbate the development of non-uniform internal stresses, dependent on the fabrication settings and the geometry of the produced object. Such effects compromise the structural integrity and mechanical performance of 3D-printed components in applications that require load-bearing capabilities and precise geometries. Due to its widespread engineering applications, this study focuses on polylactic acid (PLA). This investigation introduces a computational framework for coupled thermo-mechanical simulations of the ME process using finite element software ABAQUS. Thus, a transient thermal model calculates the temperature distribution during the printing process, which serves as a boundary condition for a subsequent mechanical simulation to predict the residual stresses and warpage of the manufactured part. Physical measurements validate the model’s predictions of warpage. This work investigates the effects of process parameters (i.e., deposition temperature and heat transfer coefficients) and modeling factors (i.e., meshing and time step strategies) on simulation results. The developed approach establishes a foundation for a CAD-driven optimization process, leveraging artificial intelligence and machine learning algorithms to enhance efficiency.
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Introduction
Additive manufacturing (AM) has emerged as a revolutionary technique in modern production technologies [1], with material extrusion (ME) being a widely adopted method for fabricating thermoplastic components. The growing need for parts capable of withstanding mechanical loads, particularly in industries such as automotive and aerospace, underscores the importance of understanding the material properties and process parameters involved in ME. However, manufactured components undergo a dynamic thermal history during the ME process, introducing challenges such as geometric distortion and the development of residual stresses. These stresses arise from the polymer’s transition from semi-molten to solidified during manufacturing [2]. Such geometric distortion and residual stresses hurt the mechanical performance of manufactured parts, making this area of study highly relevant.
Numerous studies have investigated the effect of thermal profiles in 3D printing, focusing on the mechanical properties of printed components [3,4]. The progress in numerical modeling has enabled researchers to simulate the thermal and mechanical behaviors of manufactured parts, providing insights into how process parameters, such as printing speed, nozzle temperature, nozzle velocity, and layer thickness, influence the resulting properties [5]. Finite element (FE) method simulations have proven to be efficient in predicting mechanical deformations and stress distributions, thereby enhancing the understanding of the complexities of the 3D printing process.
Still, experimental optimization of ME process parameters is costly and time-consuming due to the need for extensive trials [6]. Therefore, predictive simulation tools offer a solution by modeling the 3D printing process, enabling parameter adjustments to reduce part distortion and achieve the desired geometry in a single attempt. Complex metaphysical phenomena characterize the ME process, including solidification, heat transfer, and mechanical loading. These phenomena are closely interrelated with the process parameters and significantly influence the final part’s performance [7]. This comprehensive simulation procedure requires implementing a constitutive thermo-mechanical model for the extruded material, accurately representing process parameters, and experimentally validating predictions at each analysis stage. The FE modeling, coupled with element progressive activation, facilitates the simulation of the ME process by utilizing various constitutive models of polymers and incorporating key process parameters such as extrusion temperature, tool-path patterns, nozzle velocity, layer thickness, and filament width [8].
Zhang and Chou [9] developed one of the earliest comprehensive 3D FE models for the ME process simulation, investigating the effect of tool-path patterns on the formation of residual stresses in an acrylonitrile butadiene styrene (ABS) plate. The material model was assumed to be linear elastic with temperature-dependent thermal properties. The study revealed that the tool-path pattern has a significant influence on the distribution and intensity of the computed residual stresses. This simulation framework was also adopted to predict the impact of the layer thickness, filament width, and nozzle velocity on the residual stresses and distortion of the fabricated parts [10]. It identified nozzle velocity as the most critical factor affecting distortion, followed by layer thickness. Cattenone et al. [11] investigated the role of constitutive models in ME process simulations for an ABS bridge-like structure. The results demonstrated that incorporating a temperature-dependent Young’s modulus, yield stress, and constant thermal properties led to a 12% mean difference between predicted and measured distortions.
This study presents a thermo-mechanical simulation of the ME process, employing ABAQUS FE software and evaluating the residual deformations of a PLA element manufactured using the fused filament fabrication (FFF) technique. The experimental measurements validate the model predictions, ensuring the accuracy of the results.
Simulating the ME Process
Figure 1 illustrates the ME process simulation workflow, as proposed in [11-13]. The process begins with a CAD model that defines the part’s geometry, then generates a G-code using a slicing tool specifying the ME process parameters. The G-code is analyzed to extract time-dependent filament centerlines and cross-sectional areas of the deposited material, which are used to determine the activation intervals of each finite element, thereby defining the event-series data in ABAQUS. The numerical modelling of the ME process is implemented through thermo-mechanical simulations, employing the element progressive activation approach, as summarized in [14]. This approach defines the printing path using time-dependent filament coordinates derived from the G-code. The filament’s elliptical cross-section is assumed to remain constant and is approximated as a rectangle. Elements are activated and included in the analysis if their center falls within the defined rectangular boundaries. Initially, this model determines the time-dependent temperature distribution, which is introduced as a solution-independent boundary condition into the mechanical model to estimate residual stresses and part distortions. The experimental results validate the model’s predicted warpage.
Following the workflow schematic (Fig. 1), the CAD model of the ASTM D638-14 standard specimen is used. PLA is used as a feedstock material in this study. The PRUSA SLICER 2.3.3 slicing software generates the G-code using the following FFF parameters: 215°C and 60°C extrusion and build platform temperatures, a printing speed of 30 mm/s, 100% infill density, and a nozzle diameter of 0.4 mm, with two layers of 0.2 mm thickness. A PYTHON script is developed to process the G-code, extracting the activation time of each finite element and using it as input to define the event series data in ABAQUS. Full activation of finite elements is assumed, with specific boundary conditions applied only to the activated elements. The temperature-dependent material properties were demonstrated in [15,16]. The DC3D8: 8-node linear heat transfer brick element is used for thermal analysis, while the C3D20R: 20-node quadratic brick element is employed for mechanical analysis. The FE size along the (x, z) axes is set equal to the nozzle diameter, while along the y-axis, it corresponds to the layer thickness.
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Fig. 1. The schematic workflow.
The thermal modeling consists of three steps: printing, cooling, and detachment. An initial temperature of 215 °C is applied to all active elements, representing the extrusion temperature. The bottom surface is subjected to a thermal boundary condition of 60 °C, corresponding to the temperature of the build platform. This boundary condition was active only during the printing step analysis and deactivated during the cooling and detachment step analyses. The interaction properties include film coefficients of 72 W/(m²∙°C) and 67 W/(m²∙°C), and emissivities of 0.92 and zero, corresponding to the fabricating and cooling stages, respectively. The detachment stage assumes zero values for both these parameters. The mechanical model employs the temperature distribution history within the test specimen, as presented in the thermal model, as a solution-independent boundary condition to estimate residual stresses and part warpage. The bottom surface of the test specimen has a pinned boundary condition, meaning all transitions are fixed. This boundary condition is active only during the printing and cooling step analyses and is deactivated during the detachment step. Figure 2 illustrates the specific boundary conditions that simulate the physical state of the test specimen.
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Fig. 2. The boundary conditions. Note: U is a transition; subscripts correspond to Cartesian axes.
Discussion of the Results
Model Validation
The numerical model predicts the deformations of the 3D printed part in the three principal directions. The vertical displacement validated the model predictions with the experimental measurements. A total of 11 points were selected along the test specimen. A Vernier caliper with an accuracy of 0.02 mm was sufficient to measure the vertical deformations of the considered points. Figure 3 shows that the simulation accurately predicted the warpage, with an average difference of 10.60% compared to the physical measurements.
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Fig. 3. Model verification: (a) measurement points; (b) FE model predicted warpage, where U is displacement in mm; (c) the experimental and predicted deformation profile.
Convergence Study
The simulation time step Δ𝑡 affects the activation temperature of the elements. Small time increments (Δ𝑡) improve simulation accuracy but increase computational time. A convergence analysis was performed based on the lowest temperature at the element activation to identify the optimal Δ𝑡 for simulating the deposition stage. Four thermal simulations were performed of the deposition phase using linear 8-node brick elements (DC3D8) with varying Δ𝑡, where the element size along the x-axis was equal to the nozzle diameter (0.4 mm) and along the y-axis was equal to the layer thickness (0.2 mm). This meshing strategy resulted in 27512 finite elements. The analysis demonstrated that increasing the computational time to four times increases the activated temperature by less than 3.2%. Therefore, a time step of Δ𝑡 = 0.01 s for the printing/deposition step, while Δ𝑡 = 0.1 s for the cooling and detachment stages, was sufficient to obtain adequate results.
During the printing step analysis, residual stresses were found to be negligible. However, the test specimen experienced a significant increase in residual stresses during the cooling step due to the constraint applied to the bottom nodes of the model, which prevents the bottom part from shrinking. After removing the constraints in the detachment step, the relaxation of the residual stresses became evident due to the release of elastic strain energy.
Based on the computed distortion, a convergence analysis was conducted to identify the optimal number of elements. Three mechanical simulations were performed using quadratic 20-node brick elements (C3D20R), with the element size along the x-axis equal to the nozzle diameter (0.4 mm). In contrast, the element size along the y-axis varied at 0.05, 0.1, and 0.2 mm. It was demonstrated that increasing the computational time by 5 and 20 times resulted in changes in the average warpage difference of 1.63% and 2.1%, respectively, while the maximum warpage varied by less than 1.3%. Therefore, to achieve sufficiently accurate results, it is recommended to choose one element per filament’s cross-section.
In the experimental measurements, the maximum displacement is 6.82 mm at an extrusion temperature of 215 °C. A different range of extrusion temperatures, varying from 200 °C to 220 °C, was used in the numerical model to estimate its influence on the overall warpage. It was demonstrated that increasing the extrusion temperature from 200 °C to 220 °C resulted in a 6.7% increase in the maximum deformation value. The coefficient of thermal expansion plays a crucial role in material shrinkage. A detailed, temperature-dependent material characterization is necessary to enhance the accuracy of the results. The deformation trend at all extrusion temperatures is the same, i.e., a minimum at the central region and a maximum at the edges, due to non-uniform cooling at the specimen edges. This effect would increase with the specimen height since cooling-induced shrinkage of each successive layer compresses the support layer. This cumulative compression may corrupt the FFF process if the support area is insufficient to prevent the detail detachment [17].
Conclusions
This study presents a numerical approach that can effectively predict deformations of 3D-printed parts, optimizing computational efficiency while maintaining high accuracy. The proposed numerical model predicts the temperature distribution, residual stresses, and geometry deformations in PLA parts manufactured using the ME process. A detailed temperature-dependent material characterization, along with precise heat transfer coefficients, should be considered to improve the accuracy of the prediction. This analysis may include the material's complex thermal and mechanical behavior at various stages, thereby enhancing the reliability of the modeling. The study demonstrates that the computational efficiency of FE simulation highly depends on the use of proper meshing strategies and time steps. However, the simulation approach of the ME process faces several limitations as follows:
1. Material defects: The current simulation approach does not effectively capture voids and porosity in ME parts, which are critical factors influencing their mechanical performance.
2. Layer adhesion and bonding: Interlayer bonding plays a crucial role in the strength of 3D printed parts manufactured by the ME process. However, the simulation does not accurately model the complexities of adhesion between layers.
3. Viscoelasticity and melt flow: The ME process involves the extrusion of molten thermoplastics with viscoelastic properties. The simulation lacks accuracy in representing the flow dynamics of the melted filament and its subsequent solidification.
Future research should investigate the influence of porosity and air gaps on mechanical properties, incorporate realistic boundary conditions and environmental factors, and incorporate composite materials, such as reinforced thermoplastics. Additionally, topology optimization of ME parts should be considered to enhance structural efficiency. Implementing multi-material printing strategies could further enhance component performance under complex loading conditions, expanding the possibilities for advanced structural applications in additive manufacturing. The developed numerical modelling approach provides a foundation for CAD-driven optimization, leveraging AI and ML algorithms.
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