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Abstract

This study uses numerical simulation to examine the relationship between critical process parameters
say, feed rate, layer height, and raster angle, on residual stresses and distortions and on the achievable
density of FFF prints to identify the optimal input parameter combinations for ISO 527-2 type 1A.
Methods of additive manufacturing that are utilised widely used to manufacture thermoplastic parts is
fused filament fabrication. High residual stresses are one of the intrinsic phenomena that limit the
widespread use of FFF in industry, despite the fact that it is now a well-established additive
manufacturing process. Not all of the consequences, such as residual stresses, warping, and thermal
cracking, are addressed by postprocessing. The analysis of interdependencies among various process
outcomes reveals crucial insights. It is observed that high feed rates and larger layer heights are
correlated with an increase in residual stresses, dimensional distortions in the final printed
components, and increased porosity. The most favourable results are obtained when a raster angle of
45 degrees is employed. These findings highlight the significance of careful parameter selection and
process optimisation in FFF to mitigate inherent challenges and enhance printed component reliability
as well as quality.

Keywords: Fused filament fabrication (FFF), raster angle, feed rate, layer hight, residual stress,
porosity, warpage, polylactic acid

INTRODUCTION

Additive manufacturing (AM) has become a game-changing technology with profound implications
across many industries. This innovative manufacturing approach starkly contrasts traditional subtractive
methods, as it enables the creation of complex, customised, and intricate structures layer by layer [1].
Over the past few decades, AM has redefined the boundaries of conventional manufacturing and spurred
innovation in design, materials science, and engineering. The fundamental principle of AM involves
the successive addition of layers material to build up a three-dimensional object from a digital model.
These include reduced material waste, increased design freedom, faster prototyping, and the ability to
create  previously unattainable  geometries.
Consequently, AM has found applications in
diverse sectors, such as automotive, healthcare, and
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tuning and high-quality filaments. SLS and FFF offer a broader selection of materials compared to VAT
photo polymerisation methods.

FFF can accommodate many thermoplastic materials, which have composites and speciality
filaments. Binder jetting and FFF have good speed and scalability, with FFF preferred for rapid
prototyping. VAT photopolymerisation does slower print speeds, making itself unsuitable for large-
scale production. VAT photopolymerisation methods need post-processing steps, which leads to
complexity and time in the manufacturing process [4]. Moreover, FFF's simplicity of use, minimal post-
processing requirements, and ease of parameter optimisation enhance its appeal, allowing a broader
user base to harness its potential [5]. While some AM techniques excel in precision or speed, FFF's
capacity for rapid prototyping and suitability for short production runs position it as a versatile and
practical tool for product development and smallscale manufacturing, solidifying its status as a
prominent player in the field of AM.

As AM technology continues to evolve, various studies explore novel materials, optimise processes,
and develop sophisticated post-processing techniques to enhance AM-produced components' reliability,
precision, and scalability. Owing to the intricate microstructures and inherent anisotropic mechanical
characteristics exhibited by components produced through Fused Filament Fabrication (FFF), coupled
with the multitude of process variables involved, the application of computational simulation,
specifically finite element analysis, has proven to be invaluable for assessing structural performance

[6].

Within the context of 3D-printed FFF parts characterized by cellular lattice structures, finite element
(FE) models have been employed to investigate the influence of various infill patterns and densities [7—
8] on the mechanical properties of components. This approach aids in interpreting the occurrence of
anisotropic damage under severe compression loading conditions [9], predicting the anisotropy
introduced by the 3D printing process [10], and assessing the impact of porosity by analysing stress-
strain distributions for various build angels [11].

Yan et al [12]. conducted an examination of residual stresses and microstructure in H13 tool steel.
The as-built specimens displayed notable compressive stresses ranging from 940 to 1420 MPa. Similar
results have also been reported by Vrancken et al. [13]. While residual stresses have been extensively
explored, a fuller comprehension of the complex interaction between input parameters and residual
stresses is still required. Previous research suggests that the most influential parameters encompass laser
power, thickness, nozzle temperature, and print speed [14].

Hanzl et al [15]. concluded that laser power and scanning speed exert a significant impact on the
mechanical attributes of AM-manufactured parts. Numerous studies have investigated the ramifications
of processing parameters, including those conducted by Gu et al. [16], Delgado et al. [17], Thijs et al.
[18], and Campanelli et al. [19]. Vigneshwaran et al. [20] embarked on an inquiry into the effect of FFF
printing parameters on the fatigue strength of PLA under diverse printing configurations. Through
meticulous analysis, the key determinants affecting the fatigue life of PLA materials in 3D printing
were identified as fill density, nozzle diameter, and layer height [21].

Nonetheless, within the existing body of research investigating the impacts of specifics process
parameters— specifically, layer height, raster angle, and feed rate on porosity, distortions, and residual
stresses, there exists a notable absence of comprehensive simultaneous examinations. Previous
literature has proposed that the presence of pores exerts a mitigating influence on residual stresses [22]-
[24]. As a result, in the context of process planning, gaining a full comprehension of the intricate
relationships between these process outcomes is critical. Consequently, it is crucial to clarify the
interdependencies between residual stresses, distortions, and porosity and to conduct a thorough
examination of the effects of process parameters on these process outcomes in this research work.
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MATERIALS AND METHODS

In this study, Digimat has been utilised for numerical simulation. The geometry of the FE model of
the specimen has been discretised into 35,890 voxels. The model has been studied using mesh
convergence, and a mesh size of .71 mm was chosen, Figure 1.
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Figure 1. Mesh Convergence Study

The first step in the FFF is to create or obtain a 3D computer model. Using slicing software, the 3D
model is subsequently split into a series of 2D layers in the following stage, which generates a G-code
file containing instructions for the 3D printer. Layer height, raster angle, and feed rate have been varied
in the G-Code instruction. The real printing process starts when the 3D printer receives the G-code. The
printer's heated nozzle, i.e., 210 degrees Celsius in this case, melts a filament material and deposits it
layer by layer according to the G-code instructions, gradually building the physical object. In this
simulation, PLA has been used as thermoplastic, Table 1. Each layer cools and solidifies rapidly upon
deposition, adhering to the previous layers to create a cohesive structure. Once the printer completes all
the layers, the finished object can be carefully removed from the print bed.

Table 1. PLA Specifications
Material Diameter | Young’s modulus | Flexural strength

Polylactic Acid (PLA) | 1.75mm 5-10 GPa <140 MPa

The investigation was conducted using a standard ISO 527-2 Type 1A specimen. As illustrated in
figure 2, the specimen exhibited a maximum length of 170mm, with corresponding maximum
dimensions of 20mm in width and 5mm in thickness.
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Figure 2. Dimensions ISO 527-2 Type 1A
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A thorough examination of the literature cited within this study revealed that several process
parameters significantly influenced the overall strength characteristics of the specimens. To establish a
comprehensive foundation for this investigation, a total of 27 specimens were generated, encompassing
various permutations of these three influential factors, as detailed in

Table 2. Investigative Parameters [25].
Levels Factors

Layer Thickness (mm) | Feed Rate (mm/s) | Raster Angle

1 0.1 20 0°
2 15 40 45°
3 0.4 60 90°

Table 2 provides an overview of the selected testing parameters. Specifically, Layer Thickness was
finetuned incrementally by 0.05mm to 0.25mm, spanning the range from 0.1mm to 0.4mm. Conversely,
the Feed Rate underwent adjustments, spanning from 20mm/s to 80mm/s. Simultaneously, the Raster
Angle was incrementally rotated by 45°, reaching a full 90° rotation. These variations created 27 unique
combinations of these parameters, forming the fundamental framework for the simulation design. It is
important to note that other significant parameters remained constant across all specimens, as detailed
in Table 3.

Table 3. Constant Simulation Parameters [25]
Parameters Infill Pattern | Infill Density | Nozzle Temperature | Bed Temperature

Values/Type Lines 80% 210°C 60°C

RESULTS AND DISCUSSION

Porosity, residual stress, and warpage are key aspects that can significantly influence the quality,
performance, and structural integrity of 3D-printed components. Understanding how these parameters
affect these factors is essential for optimising AM processes, minimising defects, and ensuring the
reliability of printed parts. Through a systematic investigation, the further section sheds light on the
intricate relationship between process parameters and the quality of the Print.

Effect of Process Parameters on Porosity

Porosity is critical in additive manufacturing as it directly impacts the quality and functionality of
3Dprinted parts. When porosity increases, there is a notable reduction in the overall strength of the
component, making it more susceptible to failure under mechanical stress. Parts with reduced porosity
tend to have smoother and more aesthetically pleasing surfaces, which is especially crucial for
components with stringent cosmetic requirements. Furthermore, lower porosity can be essential for
parts requiring airtight seals, fluid containment, or effective heat insulation. Porosity can be decreased
by looking at the effects of various process factors in more detail.

Layer Height

The variation in layer height within the specified range from .1 mm to .4 mm directly influences the
specimens' porosity. Lower layer heights reduce porosity due to improved inter-layer bonding, while
excessively high layer heights increase porosity due to inadequate material fusion. In this simulation,
the raster angle was kept constant at 45 degrees and speed at 20mm/min.

Porosity at .1 mm shows the lowest porosity, and .4 mm shows the highest. The variation is little
when moving from .1 mm layer height to .2 mm than .2 mm to .4 mm. Figure 3 shows little variation
at lower layer height; as the layer height increases, the change in porosity is more drastic.
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Figure 3. Layer Height vs Porosity

Feed Rate

Feed rate has a significant impact on porosity. A higher feed rate causes incomplete material
deposition, leading to voids and higher porosity, whereas a lower feed rate enhances material fusion,

resulting in reduced porosity. This study kept the raster angle constant at 45 degrees and layer height at
dmm.
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Figure 4. Feed Rate vs Porosity

According to figure 4, Porosity is lowest at 20 mm/min, and at 80 mm is the highest. Transitioning
from 20 mm/min to 40 mm/min exhibits less variation than 40 mm/min to 80 mm/min. The Porosity
varies more drastically at higher speeds.

Raster Angle

The orientation of raster angles affects porosity due to differences in material deposition patterns. In
this investigation, the feed rate was fixed at 20 mm/min, and the layer height was consistently
maintained at 0.1mm. From figure 5, specimens with varying raster angles from 0 degrees to 90 degrees
exhibit variations in porosity, with 45 degrees showing best inter-layer adhesion and lower porosity,
while 90 degrees and 0 degrees show comparable porosity, with 0 degrees showing a bit better result.
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Figure 5. Raster Angle vs Porosity

A raster angle of 45 degrees shows the best result as it has the best overlapping patterns than other
angles, as it covers most areas efficiently.

Effect of Process Parameters on Residual Stress

Because residual stress has a substantial effect on the functionality and quality of printed components,
it is an important consideration. Residual stresses can arise during the printing process due to uneven
cooling and solidification of material layers. Different process parameters influence the cooling and
solidification of prints. Excessive residual stress compromises the integrity of printed components,
while its reduction contributes to the overall reliability and performance of AM-produced parts. The
subsequent section examines how various process factors affect residual stresses.

Layer Height

The layer height influences residual stress within the printed specimens. Changes in layer height can
affect thermal gradients and, subsequently, the development of residual stresses. Lower layer heights
reduce thermal stress due to smaller temperature differentials between layers. A consistent raster angle
of 45 degrees and a constant speed of 20 mm/min were maintained throughout this simulation.
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Figure 6. Layer Height vs Residual Stress
The residual stress is at its minimum when the layer height is set at 0.1 mm, whereas it reaches its

maximum at 0.4 mm. The change in residual stress is relatively minor when transitioning from a 0.1
mm layer height to a 0.2 mm layer height, as compared to the more significant stress variation observed

© STM Journals 2024. All Rights Reserved S264



Journal of Polymer & Composites
Volume 12, Special Issue 1
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

when progressing from a 0.2 mm layer height to a 0.4 mm layer height. Figure 6 shows this trend by
showing minimal fluctuations in residual stress at lower layer heights, with a noticeable increase in
residual stress changes as the layer height is raised.

Feed Rate

Feed rate alterations influence the cooling rate, which impacts the magnitude of residual stresses.
Slower feed rates allow for more controlled cooling, reducing residual stress levels. In this investigation,
the raster angle remained consistently set at 45 degrees, while the layer height was maintained at 0.1mm
throughout the study.
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Figure 7. Feed Rate vs Residual Stress

Based on the figure 7, it can be observed that the minimum residual stress is recorded at a speed of
20 mm/min, while the maximum residual stress is observed at 80 mm/min. The change in residual stress
is similar when transitioning from a speed of 20 mm/min to 40 mm/min compared to the transition from
40 mm/min to 80 mm/min. Notably, there is a linear variation in residual stress at higher machining
speeds.

Raster Angle

Raster angle variations affect the distribution of residual stresses within the specimens. Specimens
with different raster angles from O degrees to 90 degrees exhibit distinct stress patterns, influencing
overall mechanical behaviour. In this study, the speed was set at a constant value of 20 mm/min, and
the layer thickness was consistently maintained at 0.1 mm.
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Figure 8. Raster angle vs residual stress
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Based on the figure 8, it is evident that specimens featuring different raster angles ranging from O
degrees to 90 degrees manifest distinct patterns of residual stress. A raster angle of 45 degrees stands
out, showing superior inter-layer adhesion and reduced residual stress compared to the specimens set at
90 degrees and 0 degrees. Specifically, the 0-degree raster angle showcases slightly better outcomes in
terms of residual stress when compared to the 90-degree angle.

Influence of Process Parameters on Warpage

Warpage significantly impacts the quality and functionality of printed parts as it increases. It results
in dimensional inaccuracies, deformation, and even the complete failure of the printed component.
Reducing warpages is a priority to produce parts that meet design specifications, minimize waste, and
improve overall product quality. The further section explores various process parameters to mitigate
warpage and optimize the reliability of AM-produced components.

Layer Height

Changes in layer height affect warpage tendencies. Higher layer heights lead to increased warpage
due to differential cooling rates and thermal contraction. Throughout this simulation, the raster angle
remained consistently fixed at 45 degrees while the speed was maintained at 20 mm/min.
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Figure 9. Layer Height vs Warpage

The lowest level of warpage is observed at a layer height of 0.1 mm, while the highest level of
warpage is observed at 0.4 mm. Notably, the degree of variation in warpage exhibits a relatively minor
change when transitioning from a 0.1 mm layer height to a 0.2 mm layer height, in contrast to the more
pronounced shift observed when moving from a 0.2 mm layer height to a 0.4 mm layer height. The
figure 9 provides a visual representation of these trends, highlighting the limited fluctuations in warpage
at lower layer heights and the progressively more substantial changes as layer height increases.

Feed Rate

Feed rate adjustments impact warpage by influencing the speed of material deposition and,
consequently, the distribution of thermal stresses within the specimens. In this investigation, the raster
angle remained fixed at 45 degrees, and the layer height was consistently maintained at 0.1mm.
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As depicted in figure 10, the lowest levels of warpage are observed when the traverse speed is set at
20 mm/min, whereas the highest levels are evident at 80 mm/min. Notably, the transition from 20
mm/min to 40 mm/min exhibits a relatively modest variation in residual stress compared to the more
pronounced variation experienced when increasing the traverse speed from 40 mm/min to 80 mm/min.
It is noteworthy that higher traverse speeds correspond to more substantial fluctuations in warpage.

Raster Angle

Raster angle variations may warpage tendencies by altering the direction of material deposition and,
subsequently, the thermal contraction and stress distribution within the specimens. The feed rate
remained constant during this study at 20 mm/min, and the layer height was consistently kept at 0.1mm.
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Figure 11. Raster Angle vs Warpage
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According to the figure 11, specimens characterised by various raster angles spanning from 0 degrees
to 90 degrees exhibit discernible variations in warpage patterns. Remarkably, a raster angle of 45
degrees emerges as the most prominent, displaying enhanced inter-layer adhesion and reduced warpage
when contrasted with specimens configured at 90 degrees and O degrees. Furthermore, the 0-degree
raster angle exhibits marginally improved outcomes in terms of residual stress as compared to the 90-
degree angle.

CONCLUSION

The study demonstrates how process parameters affect porosity, distortion, and residual stresses and
their effect on FFF (Fused Filament Fabrication) performance in the context of an ISO 527-2 Type 1A
specimen. The investigation into feed rate, layer height, and raster angle has shed light on the complex
interplay between these variables and their impact on porosity, residual stresses, and distortions in FFF
prints. The findings of this study show the importance of parameter selection and process optimization.
The high feed rates and larger layer heights tend to increase residual stresses, dimensional distortions,
and porosity in the final printed components. However, in contrast, the utilization of a 45-degree raster
angle emerges as a favourable choice, contributing to improved print quality and reliability.
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