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Additive Manufacturing (AM) has revolutionized modern manufacturing by enabling the
fabrication of complex geometries with unprecedented flexibility and efficiency. Among
the various AM techniques, FDM stands out for its widespread use owing to its
affordability and ease of operation. However, FDM parts often exhibit inherent defects
such as porosities, which can significantly impact their mechanical properties. This thesis
investigates the influence of infill density on void formation and its effects on the
mechanical properties of FDM parts through a combination of experimental, analytical,
and computational analyses. PLA FDM samples with varying infill densities were
manufactured and characterized to assess the part microstructures. Tensile testing was then
conducted to analyze the mechanical properties of printed PLA FDM parts. A new
analytical model was also proposed and compared to conventional analytical models to
predict the stiffness of FDM porous parts. Various 2D and 3D computational models were
developed to capture the tensile behavior of FDM parts based on dense and porous

structures.
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CHAPTER 1

INTRODUCTION

1.1 Background

Additive Manufacturing (AM) refers to the process of creating objects by adding
successive layers of material to achieve the final shape. Currently, AM parts are utilized
in various industries such as aerospace, healthcare, and oil & gas where the reliability of
the AM parts is a significant factor of interest [1]. These high-end industries require
standardized quality measures and certifications for critical applications. However, AM
parts are not the first choice for many industries due to inherent process defects observed
in AM parts [2]. As a result, researchers have focused on optimizing the process parameters
by studying the relationship between the process-structure-properties of AM parts to reduce
defects and increase the reliability of AM components. Optimization of the process-
structure-property relationships involves various factors, such as the choice of material, the
printing process, and post-processing procedures and therefore requires a systematic

approach to achieve defect free parts [3].

There are several different classifications of AM, including PBF, BJT, DED, VPP, MJT,
SHL, and MEX [4]. MEX, which is commonly known as FDM, is a widely used method
that works by extruding, typically, a thermoplastic material through a nozzle and depositing

it layer-by-layer to build the final object. FDM is particularly popular due to its relatively



low cost and ease of use, making it accessible to a wide range of individual users as well

as industrial manufacturers.

Tensile properties are of paramount importance in engineering and design as they provide
information about materials strength and deformation behavior under tensile loads. As AM
parts are built layer-by-layer, each layer's mechanical properties affect the overall product
strength and durability [5]. YS, UTS, E, and elongation at break are some of the critical
factors in the selection of suitable materials for AM applications. Additionally, tensile
properties are influenced by the choice of AM processing parameters [6]. Hence,
optimizing the process parameters mitigates the alteration of the desired feedstock material
properties [7]. For instance, process-based porosities are inherent in AM parts, and they
affect the mechanical properties and therefore require careful examination. Various
researchers reported a deterioration in the quasi-static properties of FDM parts due to the
presence of voids [8], [9], [10], [11]. Therefore, understanding the effect of voids on the
mechanical properties is essential to ensure the structural integrity and reliability of the

FDM parts.

Researchers have used various experimental and computational techniques such as FEA,
and analytical models to study the mechanical properties of FDM parts [12], [13], [14].
Although experimental approaches are commonly used for their accuracy and reliability,
they require extensive studies with enormous amounts of time and financial resources. In
contrast, computational modeling and simulation techniques allow an efficient option to
analyze the effect of voids in FDM parts [15]. As pores are one of the most commonly

found defects in FDM parts, they act as stress risers and omitting their effect can lead to



unrealistic simulation results [3]. However, most of the simulation models neglect pores

and assume a full dense FDM part [9].

In this work, the tensile properties of FDM parts with in-built voids were analyzed using
numerical (FEA) and analytical models. PLA FDM samples with varying voids levels were
printed to analyze the material defects and response under tensile loading. Next, the FEM
models were verified and validated with experimental results. Models for both 2D and 3D
full-dense and porous parts were generated to study the effect of voids on tensile properties.
Analytical approaches were also used to predict the performance of printed parts. The
formulated effective tensile properties of the porous structure were then used in the material
definition of the generated FEA models to facilitate the numerical simulations. The
proposed work could be used as a framework to assure a reliable computational and

analytical model for AM parts that accounts for internal defects such as porosity.

1.2 Motivation

Creating an accurate model to predict the mechanical properties of FDM parts presents
several challenges and research gaps due to the complexity of the FDM process. Numerical
models involving detailed process—structure-property relationships require extensive
simulations to account for the voids present in AM parts. In addition, the physical
phenomena used to describe these processes are not available. Therefore, most predictive
models adopt model assumptions to simplify the problem resulting in inaccurate
predictions. Therefore, efficient computational design tools are needed at multiple time and

length scales.



FEM models can provide higher accuracy compared to analytical models, but require
extensive resources. On the other hand, analytical models provide fast solutions, but a
definitive analytical model that relates the material porosity to its mechanical properties
has yet to be developed [16]. Therefore, current analytical models are unable to provide
accurate predictions. Overall, there is a lack of numerical and analytical models that

provide a link between the voids and mechanical properties of FDM parts.

1.3 Objectives

This thesis aims to investigate the impact of infill density on void formation and tensile
properties of FDM PLA parts. Various 2D and 3D FEA computational models will be
developed and validated with experimental results. Through a systematic approach, this
study seeks to provide insights into optimizing the infill density for improved part quality

and mechanical performance in FDM processes per the following objectives:

I. To enhance the quality of FDM parts by investigating the influence of infill density on

tensile properties.

Il. To study and propose analytical models that can predict the mechanical properties of

FDM parts while accounting for voids presence.

1. To develop a 2D and 3D modeling framework that integrates analytical and
computational methods to predict the tensile properties of FDM parts with varying infill

densities.



1.4 Methodology

The methodology employed in this work combines experimental, analytical, and
computational analyses to comprehensively study the impact of voids on the mechanical
properties of FDM parts. Initially, PLA FDM samples with varying infill densities were
manufactured to represent different levels of porosity. SEM analysis was utilized to assess
the microstructures of the printed samples. Subsequently, the printed parts were tested

under tensile loads to analyze their mechanical properties.

Various existing analytical models from literature were evaluated to predict the effect of
porosity on part stiffness. These models were assessed across different porosity levels and
served as a guide to propose a new analytical model with improved capabilities. The

proposed model was verified with experimental results and showed good agreement.

In the computational modeling phase, material models were developed to capture the
mechanical behavior of FDM parts. Both 2D and 3D geometrical models representing
dense and porous structures were created. Several modeling approaches were employed to
simulate the tensile response of FDM components with infill densities ranging between

50% to 100%.

The integrated methodology presented in this work combines experimental data from
physical tests with analytical predictions and computational simulations to provide a
comprehensive understanding of the mechanical properties of FDM parts (Figure 1.1). By
leveraging these approaches, the effects of processing parameters, material properties, and
geometrical considerations on the final mechanical performance of the printed parts can be

investigated thoroughly.
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Figure 1.1: Graphical representation of the methodology followed in this thesis.



CHAPTER 2

LITERATURE REVIEW

2.1 Additive Manufacturing (AM)

AM has undergone a significant transformation in the last three decades and is considered
a key enabler of Industry 4.0 [17]. This manufacturing process involves creating a three-
dimensional object by adding layers of material to achieve the final part (ISO/ASTM
52900:2021) [4]. The typical AM process cycle, illustrated in Figure 2.1, involves several
sequential steps. The first phase entails conceptualization and computer-aided design
(CAD), wherein engineering CAD software are utilized to create the digital model of the
intended part. Alternatively, reverse engineering methods can also be employed [18].
Following conceptualization, the digital model is transformed into the STL/AMF file
format. Preprocessing is then employed to segment the object into slices that are suitable
for AM machines. Additionally, these preprocessing tools generate support structures to
maintain the desired geometries during the AM process. Subsequently, the STL/AMF file
is transferred as a G-code file on the AM machine. Finally, the manufacturing of the part
commences, followed by the removal of the finished part and subsequent post-processing,

which includes cleanup activities to refine the manufactured component.



3D-modeling
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Figure 2.1: AM generic process cycle [19].

AM has been adopted in various industries and is being used for various applications due
to design flexibility, reduced lead times and production of complex geometries [20].
Prototyping, product customization, and low-volume manufacturing are some of the most
common uses for AM components [21]. In addition, the flexibility to use multiple types of
materials has pushed AM as one of the most promising technologies for the future. As a
result, AM has become increasingly popular in various industries, including aerospace

[22], automotive [23], medical [24], and consumer goods [18].

2.1.1 Process classifications

The ISO/ASTM 52900:2021 standard categorizes all available AM processes into seven
groups. These categories are DED, VPP, PBF, BJT, MJT, SHL, and MEX [4]. Each of
these categories involves specific techniques and methods for creating three-dimensional

objects by adding layers of material, as described below:

(a) Directed Energy Deposition (DED)

In this process, a focused energy source, such as a laser or electron beam, is used to melt
and deposit powder or wire onto a substrate. Before melting, the feedstock material is fed
through a nozzle [25]. Figure 2.2 illustrates the working principle of DED process. DED

is often used for repairing or for manufacturing large-scale structures. Examples of DED
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processes include laser metal deposition (LMD) [26] and laser engineered net shaping

(LENS) [27].

Pyrometer

Figure 2.2: Working principle of DED process [25].

(b) Vat Photopolymerization (VPP)

This process uses a reservoir of liquid photopolymer that is selectively cured by a light
source, such as a laser or a projector, to form the desired shape. VPP processes are
commonly used for high-resolution parts, such as dental implants or jewelry. Examples of
VPP processes include stereolithography (SLA) [17] and digital light processing (DLP)

[28]. Figure 2.3 shows the working principle for both SLA and DLP techniques.

X-Y mirrors Movitig

Laser platform
3D printed object —————
3D printed Photocurable
object - Re-coater  resin
Moving
Resin VAT
platorm projector ——— N

Figure 2.3: Working principle of VPP process for both SLA and DLP techniques [17].
(c) Powder-bed Fusion (PBF)
This process uses a powder-bed that is selectively fused together by a heat source, such as
a laser or an electron beam, to create the desired part. The feedstock could be a metal or
polymer powder [29]. Figure 2.4 gives a basic representation of the PBF printing process.

PBF processes are used for creating complex geometries with high accuracy and strength
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[30]. Examples of PBF processes include laser powder-bed fusion (LPBF) [31], selective

laser sintering (SLS) [32] and electron beam melting (EBM) [33].

Lenses

o
’ ((; ’) Scanning mirror
Laser -

Laser beam

Recoater arm Sintered part

Powder bed

Powder
supply

Powder

dispenser Build piston

Powder dispenser

position Build platform

Figure 2.4: Basic representation of the PBF printing process [34].

(d) Binder Jetting (BJT)

This technology uses a powder material that is selectively bonded together by a liquid
binder to create the desired shape. This process can also be used to manufacture metal and
ceramic parts [30]. Figure 2.5 illustrates the general schematic of the BJT printing process.
BJT is commonly used for creating parts with high complexity and customization. Due to
its low cost and high production rates, BJT is one of the most promising AM methods for

mass-production [35].

Print head

Binder droplets

3D printed oral
dosage form

Powder delivery platform i Fabrication platform

Figure 2.5: General schematic of the BJT printing process [35].
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(e) Material Jetting (MJT)

MJT process uses a print head to deposit droplets of liquid material, such as wax or resin,
that are then cured to form the desired shape [36]. The working principle is shown in
Figure 2.6 for MJT process. MJT processes are commonly used for creating high-
resolution parts with complex geometries [29]. Examples of MJT processes include Polyjet

fusion [37], and multi-jet fusion (MJF) [38].

Support Material

' Build Material

UV Curing Lamp

Print Heads

i_ Object being fabricated

Levelling Blade Build Platform

Elevator

Figure 2.6: Working principle of MJT process [36].

(f) Sheet Lamination (SHL)

Unlike other AM technologies, SHL does not use a liquid or powder material as a feedstock
material. Instead, SHL starts with thin sheets of material, such as paper, polymer, or metal
foil, which are layered on top of each other and bonded together using an adhesive or heat.
The layers are then cut or trimmed to achieve the final part [30]. SHL processes are

commonly used for creating large scale models or prototypes [39]. Examples of SHL
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processes include laminated object manufacturing (LOM) [40] and ultrasonic AM (UAM)

[41]. The basic working principle of SHL process is illustrated in Figure 2.7.

Cutting Tool Laser

Mirror

Laser Beam
Heated Roller

Material Supply Roll

Build Platform

Figure 2.7: Working principle of SHL process [25].

(9) Material Extrusion (MEX)

MEX process uses a polymeric filament that is heated and extruded through a nozzle to
create the desired shape [25]. Figure 2.8 shows the working principle of MEX process.
MEX processes are commonly used for creating large-scale parts or prototypes with low
complexity [42]. The most common example of MEX processes is fused deposition

modeling (FDM) [43].

Filament spool

1 Filament feeding

Heating

Nozzle
Moving direction
Plastic part

z
4

V|
[ i Print bed
Figure 2.8: Working principle of MEX/FDM process [44].
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2.1.2 Feedstock materials

AM Feedstock materials for the seven AM processes discussed previously can be delivered
as resin [45], powder [46], wire [47], filament [48], and sheets [49]. The materials used in
AM can be broadly classified into four categories: polymers, metals, ceramics, and
composites [29]. Each category exhibits a unique set of properties and characteristics that
make it suitable for specific applications. Polymers are the most commonly used materials
in AM due to their low cost, flexibility, and ease of use [50]. Metals are ideal for producing
high-strength, temperature-resistant parts with excellent mechanical properties [22].
Ceramics offer high-temperature stability, chemical resistance, and excellent electrical
insulation properties [29]. Composites are used to create lightweight, high-strength parts
with unique properties [23]. However, as AM technology continues to evolve, new

materials are being developed rapidly.

2.1.3 Quality control and standardization

Reliability and repeatability are one of the biggest challenges for AM parts. Ensuring
consistent quality allows the use of AM parts in various industries [1]. To address this
challenge, quality control and standardization have become important areas of research [2].
Quality control in AM involves monitoring and controlling the manufacturing process to
ensure that parts meet the required specifications. Several methods have been developed
for quality control in AM. In-process monitoring has been adopted in several AM processes
to study the temperature, pressure, and laser power to detect in-process issues [3]. Post-
processing inspections are also conducted to study manufacturing defects. This can be done

through various methods such as OM, X-ray CT, and SEM [14]. Lastly, non-destructive
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approaches such as ultrasonic testing, eddy current testing, and radiographic testing can

also be used to study the part quality during operation [51].

Standardization involves developing guidelines and procedures as well as standards and
certifications that ensure consistent quality of AM parts. Various standards have been
developed for various aspects of the AM process, including design, materials, and
manufacturing processes [1]. ISO/ASTM 52900 provides a framework for the entire AM
process from design to post-processing. This standard covers various aspects of AM,
including design rules, material properties, machine calibration, and post-processing. Other
standards include ASTM F42, which cover various aspects of AM such as design,
materials, and process control. ASME Y14.46 provides guidelines for the design of AM
parts [29]. These standards were used in literature to refer to AM definitions,

classifications, and methodologies [52]-[54].

ASTM and ISO also have a wide range of standards for mechanical testing of polymers.
These standards cover various aspects of mechanical testing, such as tensile, compressive,
flexural, shear, impact, and fatigue testing. These standards are essential for evaluating the
performance of materials and ensuring their quality and safety in various applications as

well as the reproducibility across different laboratories and testing facilities [50].

2.2 Fused Deposition Modeling (FDM)

FDM, commonly known as MEX, stands as the predominant and widely adopted AM
method for the production of polymer-based products due to its versatility and cost-

effectiveness [42]. In this process, a movable head deposits molten material onto a
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substrate, typically from a thermoplastic polymer filament [43]. Stratasys, Ultimaker,

MakerBot, Ender and Rais3D are the most popular FDM manufacturers [29].

In FDM, the material is heated to a temperature slightly above its melting point within the
print head and extruded through a nozzle on a substrate, where it solidifies and forms a
layer [30]. The heating process in the nozzle ensures that the polymer is in a malleable state
during extrusion but solidifies almost instantly upon deposition. This rapid solidification
process is crucial for maintaining the structural integrity of the printed object. The process
is repeated until the part is completed (Figure 2.9). Recently, multi-nozzle FDM systems
have been developed that can create objects with unique properties as each nozzle deposits

a different material [55].
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Figure 2.9: FDM printer components [12].

The success of the FDM process is contingent on the careful management of various
printing parameters. Parameters such as layer thickness, printing orientation, raster angle,
air gaps, and infill density play a vital role in determining the overall quality of the printed
objects [6]. Other process parameters such as printing speed, extrusion rate, nozzle

temperature, and the inherent properties of the polymers also affect the FDM process [56].
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The intricate interplay of these variables highlights the need for a comprehensive
understanding to achieve optimal outcomes in FDM process and emphasizes the continual
need for research and development to refine the quality assurance framework for FDM

technology.

2.2.1 Feedstock materials

Being a widely recognized AM technique, the FDM process employs thermoplastic
filaments [57]. Furthermore, beyond utilizing pure thermoplastics, there is a growing
interest in the use of composite filaments, particularly polymer matrix composites [43].
Exploring the combination of various reinforcements, including particles, nanoparticles,
and fibers, with thermoplastics to create innovative composite filaments is an emerging
trend in FDM research [58]. This has captured the attention of both researchers and
industrial experts, highlighting the potential of composite materials in FDM due to their
distinct properties and cost-effectiveness [59]. Bioplastics have also been used in FDM and
various biomaterials have been documented in literature as suitable FDM feedstock

materials [60].

The primary focus of this research revolves around comprehending the fundamental
aspects and computational modeling of voids and their impact on the strength of FDM
parts. The investigation specifically examines a commonly used pure thermoplastic
material. The most commonly used FDM materials used in literature include thermoplastics
such as ABS, PLA, PETG (Polyethylene Terephthalate Glycol), and Nylon [59]. ABS is a
strong, durable material that is commonly used in automotive and industrial applications
[61]. PLA is a biodegradable material that is used for its ease of manufacturing [62]. PETG
is a flexible and tough material that is widely used in packaging and consumer products
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[63]. Nylon is a strong and flexible material that is ideal for producing functional parts with
high wear resistance [56]. In addition to these materials, special materials such as PEEK

[60], HIPS (High impact polystyrene), and other materials are also used in literature [59].

2.2.2 Process parameters

As with other AM technologies, FDM process is affected by process parameters as they
control the final part quality and mechanical properties. The mechanical properties and
dimensional accuracy play vital roles in the reliance of printed FDM parts. Hence,
understanding the effect of process parameters is essential for AM design. The most
important process parameters with their effects on the quality of FDM parts are described

below:

(a) Build orientation

The build orientation, defined as the positioning of a part relative to the horizontal axis of
the build platform, is a crucial factor in FDM. Typically, the build platform is considered
to be the x-y plane, with the z-axis denoting the height of the printed parts [64]. When
selecting the printing orientation for a component, choices include flat, on-edge, or upright
(Figure 2.10). The impact of build orientation on mechanical properties is notable, with
flat and on-edge printing yielding significantly stronger samples compared to upright
orientation for most of the thermoplastics including ABS and PLA [58], [65]. Durgun and
Ertan [66] attribute the weakened performance of upright samples to the predominant load
being borne across printed layers rather than along the length of the rasters. The inter-layer
fusion bonds that connect adjacent layers exhibit much lower strength compared to the
trans-raster strength along the length of the rasters, resulting in a substantial decrease in

strength for samples printed in the upright direction [67].
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Figure 2.10: Build orientations in FDM [67].

(b) Layer thickness

During the printing process, the layer thickness influences the height of each printed layer
and the time taken to complete the final part [64]. This parameter, closely associated with
the build orientation of the printed component, plays a crucial role in achieving optimal
surface roughness [68]. The influence of layer thickness on the strength of FDM parts has
been studied extensively. Literature indicates that an increase in layer thickness results in
a decrease in tensile strength for both PLA and ABS filaments [69]-[71] . This phenomenon
is attributed to the compression of molten plastic extruded from the nozzle, causing
deformation from a cylindrical to an oval shape, as shown in Figure 2.11. The compression
of the molten plastic enhances fusion through increased contact area and bonding width,

resulting in higher strength [72].

S mn 0.. - ' :
Figure 2.11: Effect of layer thickness on contact area [72].
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Conversely, a direct correlation was observed between the impact resistance and
enhancement in compressive strength with larger layer thicknesses [70]. However, this
relationship may not hold true for low infill density parts due to large voids that may result

in a potential reduction in compressive strength [59].

(c) Raster angle

The raster angle, referring to the orientation of the extruded filament during the layer-by-
layer construction in the FDM process, plays a crucial role in the quality of FDM parts
(Figure 2.12) [64]. Raster angle is typically adjustable to print at a fixed angle or alternate

between angles for each layer to increase the quality of printed parts [69].
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Figure 2.12: Raster angle and pattern (blue lines) in FDM parts. The black arrows identify the direction of

tensile loading [64].

Notably, research on ABS suggested that a minimum raster angle of 0° enhanced the tensile
strength of FDM parts, while a 45°/-45° (staggered raster) improved the impact strength
[73]. Extending this understanding to PLA, Afrose et al. [74] discovered that a 0° raster
angle resulted in the highest UTS, followed by 45° and then 90°. The alignment of the
tensile load along the rasters was identified as the primary factor contributing to the

superior tensile performance of parts printed with 0° rasters [64]. This observation was
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supported by Wu et al. [75], who demonstrated enhanced strength in PEEK when printed
with a 0° raster angle, and Hill and Haghi [76], who drew similar conclusions for

Polycarbonate samples.

(d) Air gaps and raster width

Certain printing parameters, such as air gap and raster width, can exert comparable
influences on the resulting printed specimens [68]. In the printing process, the designated
air gap represents the distance maintained between the deposited rasters, while the raster
width specifies the width of the deposited rasters (Figure 2.13). It is essential to optimize
these two variables collectively to achieve the desired overlap or gap between neighboring

rasters. Moreover, the selection of raster angles also influences air gaps levels [64].

= Rastenwicth Raster width

—y!
1
e e
Negative air gap No Air gap Positive air gap
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Figure 2.13: Air gap and raster width in FDM printing [64].

Rezayat et al. [77] explored the impact of various factors on the tensile strength of ABS
samples with three air gaps (-0.05 mm, 0.0 mm, and 0.05 mm). They observed that an
increase in the air gap resulted in a reduction in the UTS of the printed samples. Notably,
an air gap of -0.05 mm consistently exhibited the highest strength across all raster angles
due to its positive influence on bonding between adjacent rasters [78]. The negative air gap
facilitated enhanced bonding, thereby improving the UTS at all raster angles. Achieving
an optimal balance between air gap and raster width for all other thermoplastics is crucial

to minimize air gap while ensuring effective bonding between consecutive rasters [64].
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(e) Infill density and pattern

FDM enables the fabrication of parts with varying infill densities to optimize the material
usage [64]. The infill density, referring to the internal structural density, can be customized
with different patterns that define the construction of individual layers [68]. Considerable
financial and savings can be achieved by employing reduced infill densities while
maintaining the overall geometry [64]. In addition to specifying infill density, various
patterns (Figure 2.14), including grid, quarter cubic, and tri-hexagon patterns, can
influence the strength of printed parts [79]. Several studies on the flexural, tensile and
impact resistance indicated that an increased infill corresponded to an enhanced load-

bearing capacity [80]-[81].

Trf-hexagon pattern

(a) (b) (©)

Figure 2.14: SEM images of various infill patterns: (a) Grid pattern; (b) Quarter cubic pattern; (c) Tri-hexagon

pattern [79].

(f) Printing speed and extrusion temperature

A rise in printing speed is associated with a reduction in top surface hardness, and tensile
strength, while concurrently increasing the porosity and average roughness in FDM parts
[82]. Simultaneously, the extrusion temperature, influenced by the properties of the
thermoplastic filament and print speed, plays a crucial role [83]. Extrusion temperature has
also been identified as an important process parameter that affects the mechanical

properties of FDM parts as optimal fusion between newly extruded layers and existing
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layers occurs before the extruded filament solidifies. However, printing speed has been
identified in several studies as one of the most significant parameters due to its direct
correlation to part quality [68]. Nevertheless, excessive temperature boosts molten plastic
fluidity, leading to reduced viscosity and increased void formation, consequently

weakening the mechanical properties.

2.3 Voids in FDM parts

Several defects are observed in FDM parts due to various factors including part design,
processing, and environmental control of the FDM fabrication process. However, these
defects can be minimized by careful optimization of print settings, proper material
selection, and effective control of the printing environment [84]. Common defects/voids in
FDM parts include delamination between layers, geometrical distortions, brittleness, and

voids [43], [84].

Voids are one of the most unavoidable defects in any FDM part, posing challenges to the
overall structural integrity and mechanical properties of the printed object [10]. Hence,
special emphasis is placed to understand its significance and formation mechanisms as well

as quantification methods in the next subsections.

2.3.1 Effect of voids on the mechanical properties

The desirability of voids in FDM parts is contingent upon the intended application, where
favorable voids serve as 3D structural elements designed to enhance functionality or reduce
weight [8]. Conversely, voids are undesirable in applications requiring optimal mechanical

performance [85].
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Several studies have focused on understanding the location and impact of porosity on the
mechanical properties of AM materials, such as stiffness, strength, and toughness. Figure
2.15 shows that AM parts can exhibit voids in various locations, including the surface, sub-
surface, among deposited layers, and internal bulk material [86]. In addition, each type of
void leads to a different type of failure. For example, the presence of inter-layer pores can
affect the toughness of FDM parts, particularly when subjected to loads transverse to the
layer orientation, as they can lead to delamination [16]. Whereas surface pores can affect
the corrosion resistance characteristics [87]. Pores in other locations can act as damage

initiation sites resulting in early failure under tensile and cyclic loading [88]-[89].
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Figure 2.15: Porosity locations in AM parts [5].

The impact of porous structures or voids on the mechanical performance of FDM parts is
notable, with stress concentrations formed around voids generally leading to a reduction in
part performance [90]-[91]. Particularly, voids formed between deposited rasters adversely
affect the stiffness, strength, and density of printed parts [91]-[94]. Porosity acts as a crack
initiation site under load which results in premature failure [95]. Under loading, the stress
is concentrated around voids, resulting in stress risers and stress concentration points. In
addition, un-even presence of porosity results in anisotropic material properties [8].
Moreover, in FDM parts, porosity acts as a process-based defect which can only be
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mitigated. Currently, a pore free FDM part is not achievable using the current
manufacturing processes. Therefore, the significance of quantifying porosity levels arises
from the dependence of the static and cyclic mechanical properties of AM components on

the microstructure, surface roughness, and density of FDM parts [96].

As porosity is undesirable for most FDM applications, researchers have proposed several
methods to minimize the undesired impact of porosity: (i) controlling the pore distribution
to increase the load-carrying capability of printed parts, (ii) modifications of existing AM
machines, (iii) optimizing the process parameters and linking them with pore detection and

quantification methods, and (iv) post-processing treatments [8].

2.3.2 Classifications of voids and formation mechanisms

Apparent and engineered porosities are the two main types of porosities observed in FDM
parts. Apparent porosity refers to unintended porous defects that may occur in the structure
or surface of the AM parts while, engineered porosity is intentionally created for specific
functions and performance [8]. In FDM, porosity can be generated during printing or
inherently present within the filament. Air trapped in the matrix, gaps between the beads
and layers, uneven matrix distribution, and uneven filament diameters are some of the
factors that can result in voids during printing [43]. Voids in FDM are classified into five

main categories based on their formation mechanisms and are discussed below.

(a) Raster gap voids

The boundary of a complete layer is defined by its contour [97] (also denoted as shell [58],
or wall [98]). This boundary is filled with rasters following a specified infill pattern as

determined by the toolpaths generated in the slicing software. Raster gaps (also referred to
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as air gaps [77]) represent the spaces between adjacent rasters. This parameter assumes a
negative value for overlapping rasters [99]. Generally, adopting an infill pattern with
sparser raster spacings results in larger raster gaps, consequently leading to the formation
of substantial internal voids (Figure 2.16). Undesirable voids caused by raster gaps have a
detrimental impact on the mechanical performance of the printed parts. However,
strategically employing larger raster gaps during printing could reduce the overall
construction time and consumption of feedstock [100]. Thus, the choice of raster gap size

plays a crucial role in balancing mechanical strength and printing efficiency.

Raster gap voids

(@)

Figure 2.16: (a) Raster gap voids in ABS parts [101] and (b) raster gap voids in nylon parts [102].

(b) Partial neck growth voids

Incomplete neck growth between adjacent layers can lead to the formation of internal voids
in FDM parts. As illustrated in Figure 2.17, these voids arise from the insufficient
coalescence between adjacent intra-layer and inter-layer rasters [103]. The occurrence of
voids is intricately linked to the process of viscous sintering, where the creation of voids
depends on the extent of neck growth between neighboring rasters. In an ideal scenario
with full coalescence between two neighboring rasters, the formation of these voids would
be physically impossible. However, rasters solidify before completing the coalescence

process resulting in an incomplete neck growth [104]-[105]. Hence, due to inherent and
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unavoidable characteristics of the FDM process, such as incomplete filling and inconsistent
material flow [106], it is impossible to entirely eliminate partial neck growth voids formed
between rasters. Consequently, these partial neck growth voids emerge as significant

contributors to the presence of porosity in FDM prints.

~

Neck growth =

Figure 2.17: Partial neck growth voids in ABS parts [107].

(c) Sub-perimeter voids

The creation of sub-perimeter voids occurs between turning rasters along the contour of a
FDM layer due to inherent physical limitations [9]. Traditional print paths address the
filling of a print layer area by reversing the raster direction at the perimeter. However,
achieving more comprehensive raster fillings necessitates sharper turns, inevitably leading
to higher acceleration. To mitigate the adverse impact of centrifugal forces on stepper
motors without significant compromises in build time, FDM printers must offset this by
substituting all sharp corners with approximated curves [9]. Consequently, the adoption of
these smoother curves results in insufficient material flow during deposition, leaving gaps
and voids within FDM layers. Despite maintaining a 100% infill density, voids were

observed between the wall lines and the infill zones [98], as shown in Figure 2.18.
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Figure 2.18: (a) Sub-perimeter void formation [100] and (b) Sub-perimeter voids in FDM parts [108].

(d) Intra-bead voids

Internal gaps within beads are unique to FDM components made from composite materials
[9], [91]. The type of voids observed in a full dense pure thermoplastic sample are
characterized by partial neck growth voids (Figure 2.19a). Conversely, in composite
feedstock filaments, apart from the triangular partial neck growth voids, there are
additional porous structures at smaller scales that can be identified due to poor fiber—matrix

interfacial adhesion (Figure 2.19b).
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Figure 2.19: (a) SEM of FDM parts with partial neck growth voids and (b) Intra-bead voids in ABS parts [109].

(e) Infill voids

Infill voids represent intentionally induced and manageable void formations. Slicing

software designed for FDM typically integrates customizable infill densities and a range of
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selectable infill patterns, including grid, lines, triangles, concentric, zigzag, cross, and
gyroid (Figure 2.20) [110]. Selecting lower infill densities proves advantageous in
minimizing material consumption and shortening the overall build time. Conversely,
higher infill densities yield more robust prints at the expense of increased material usage

and a longer construction period [9].

Figure 2.20: FDM part with gyroid infill type. (a) slicing software, (b) printed part, (¢c) uCT image, and (d) infill
voids [110].

2.3.3 Effect of processing parameters on voids formation

The interplay of factors such as layer height, nozzle temperature, printing speed, and infill
density significantly influence the structural integrity and voids observed in printed FDM
parts. Investigating the impact of FDM process parameters on void formation not only
enhances our comprehension of the printing process but also paves the way for improved
print outcomes and quality. The effect of the most significant process parameters on void

formation are explained below.

(a) Nozzle and bed temperature

Spoerk et al. [111] observed that elevated nozzle temperatures led to enhanced adhesion
and resulted in the formation of smaller voids. The PLA component, illustrated in Figure

2.21, exhibited smaller voids when printed at 245 °C compared to the one printed at 205°C.
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Beyond the impact on viscosity reduction and increased flowability, extreme nozzle
temperatures also influence the dimensional accuracy and thermal degradation of FDM
polymers. In Gao et al.'s [112] investigation, the void size in the cross-section of the PA
1012 component progressively decreased with rising nozzle temperature. However, the
presence of air bubbles was observed as the printing temperature reached 260°C. Although
the increased nozzle temperature significantly reduced void presence, the thermal

degradation could have adverse effects on the mechanical properties of printed parts.
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Figure 2.21: Effect of nozzle temperature on void size. VVoid sizes decrease with an increase in nozzle

temperature [83].

In addition, the temperature of the print-bed has been identified as a significant parameter
that affects the void formation along the print height [113]. Results show a reduction in
voids near the heated print-bed (Figure 2.21). As the underside of the part is in proximity
with the print-bed, it experiences a higher temperature resulting in continuous adhesion of
the printed layers. However, the effectiveness of print-bed temperature weakens further

away from the print-bed resulting in larger voids.

(b) Printing speed
Maintaining a consistent filament feed and nozzle temperature in FDM is influenced by the

printing speed. Faster printing speed creates shorter intervals for heat transfer, leading to
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the extrusion of partially melted material [82]. This, in turn, may compromise interface
adhesion due to reduced contact time. Abbott et al. [114] observed an increase in voids at

a print speed of 50 mm/s compared a print speed of 10 mm/s (Figure 2.22).
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Figure 2.22: Parts printed with parameters shown as nozzle temperature/printing speed/layer height. Variation
in void size with (a) 10 mm/s and (b) 50 mm/s printing speeds [114].
Higher printing speeds were correlated with higher void quantities and compromised
interlayer bonding. Additionally, high speeds impact polymer crystallization, where
partially melted polymer particles serve as nucleation sites, limiting interface diffusion
[115]. In essence, while decreasing void fraction and enhancing interlayer bonding,
lowering printing speed may result in extended build time and reduced printing efficiency.
Therefore, a balance between print productivity and quality is essential when adjusting

printing speed.

(c) Layer size

Maintaining all other process parameters, Aliheidari et al. [113] discovered that altering
the layer height of ABS parts led to larger voids due to the effect of layer height on the
heating history of rasters and the bonding between layers. Specifically, their research
revealed that utilizing a layer height of 0.2 mm resulted in superior mechanical
performance compared to layer heights of 0.1 mm and 0.3 mm. Similar correlations
between void morphology and layer height were observed in PLA [116], PP [117], and

ABS [114] parts (Figure 2.23a-b). The observed phenomenon in printed FDM parts with
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thicker layers can be rationalized by the reduction in contact pressure applied to the bottom

layer which leads to shorter neck length and void enlargement [118].

Figure 2.23: Parts printed with parameters shown as nozzle temperature/printing speed/layer height. VVariation

in void size with (a) 0.3 mm, and (b) 0.1 mm layer height [114].

(d) Infill pattern and density

Current FDM slicers offer a selection of infill patterns that aim to reduce the material usage
and print weight. As mentioned previously, the internal geometry of FDM parts can be
modified by adjusting the infill patterns and infill densities. In addition, the infill pattern
determines the void distribution and morphology in parts with the same infill density
(Figure 2.24). Samples printed with 100% infill density contained the minimal void size.
Therefore, increasing the infill density has been identified as a promising method for

reducing void fraction in FDM parts [119].

Figure 2.24: SEM images of voids (air gaps in red) in PLA samples with (a) 25% infill density and (b) 100%
infill density [119].
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2.3.4 Quantification methodologies

Quantifying voids in FDM is crucial for ensuring the structural integrity and quality of the
printed parts. This process involves assessing the presence and distribution of voids within
the printed material. Direct measurement methods and imaging techniques are some of the
most commonly used techniques for quantifying the porosity in FDM parts. Utilizing these
methods contributes to a comprehensive quantitative analysis of voids in FDM structures,
enabling manufacturers and researchers to optimize printing parameters and enhance the

overall quality of printed parts.

(a) Direct measurement methods

Part density provides a direct quantification of the void’s presence in structures.
Archimedes density measurement, and gas pycnometry are the most commonly used non-
destructive methods for direct density evaluation [120]. The Archimedes method involves
immersing the part in a fluid and measuring the buoyancy force exerted on the part. The
displaced fluid volume is then used to calculate the density of the part. This method is
straightforward and is used for its accuracy [121]. The density of the object can be
calculated relative to the density of water without the need for volume measurements using

the following reformulation of the Archimedes’ principle [122]:

Pw
pP="Tw .~
1— (WW/Wa) (2.2)

where p is the density of the object, p,, is the density of water = 1.00 g/cm?®, W, is the
weight of object in water, and W, is the weight of object in air. On the other hand, gas
pycnometry relies on the principle of gas displacement to measure the volume of the FDM

sample. An inert gas, typically helium, is introduced into a chamber containing the sample.
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The change in pressure after gas expansion is used to determine the volume of the sample
which is then used to calculate its density. Gas pycnometry is commonly used for its
precision in measuring small volumes [123]. The density of a sample can be calculated as

[124]:

m

=) C2fp ) (22

where m is the mass of the sample, V; is the volume of the sample’s chamber, V, is the
volume of the reference chamber, P, is the pressure measured with the sample chamber

only, and P, is the pressure measured with both chambers connected.

Finally, the bulk porosity is determined by comparing the measured densities (pporous) tO

that of the solid material (ps,;i4) as per the following relation [94], [125]:

Psolida — Pporous

Porosity % = x 100 (2.3)

Psolid

It is important to note that while Archimedes is relatively simple to perform and
standardized, cracks that allow for water-infiltration may lead to incorrect values [126].
High surface roughness typically found in AM parts may capture water bubbles and can
result in erroneous measurements [127]. Similarly, gas pycnometry is limited by small
sample size and inter-connected pores [126]. Despite these minor drawbacks, both
Archimedes and gas pycnometry instrumentations are used to capture the overall porosity
in printed AM samples. However, both techniques are unable to quantify the porosity

distribution and morphology [128].

33



(b) Imaging-based techniques

In addition to density measurement, various imaging techniques are commonly employed
to enhance the study of FDM voids. OM utilizes visible light and a system of lenses to
generate magnified images [111]. SEM offers an image-based approach that uses a focused
beam of electrons to produce high-resolution images [79]. Additionally, X-Ray CT is also
utilized to analyze porous structures [129]-[130]. The X-Ray beam is passed through the
object onto a detector that creates 2D images which are reconstructed into a 3D volume

[131].

OM is commonly applied for investigating the meso-structures of printed parts [132], while
SEM is often utilized for microstructural analysis [119]. Both OM and SEM have the
capability to capture 2D data. Furthermore, they can be used for analyzing raster gap voids
[101], partial neck growth voids [107], and intra-bead voids [109]. Similarly, OM and SEM
can also be used to study sub-perimeter voids [108]. Likewise, X-ray CT serves as a
valuable tool for observing and investigating the effects of FDM voids in three dimensions.
In addition, CT enables the quantification of porosity distribution and morphologies in a
more comprehensive manner [133]. This technique can be used to study the void size,
density, connectivity, shape, and distribution. The analysis of the CT data is based on the
pixilated images collected from the device. The porosity content or voids fraction can be

calculated as [134]:

pixels (or voxels) of voids space

(2.4)

Void tion =
oids fraction total pixels (or voxels) of image
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Lastly, some recent works have also proposed in-situ systems with machine learning based
models to predict porosity [50]-[51]. However, porosity measurements using such real time

methods is complex and requires further development [137].

2.4  Simulation methods of voids

Imaging-based methodologies serve as the major experimental approach to examine and
analyze voids in FDM parts [9]. However, it is essential to gain a comprehensive
understanding of void formation due to FDM process parameters. This poses a significant
challenge in realizing specific hierarchical structures and attaining optimal mechanical
performance of FDM parts. As experimental approaches (Section 3.1) require extensive
time and resources, numerical and analytical techniques are commonly used to quantify the

effect of porosity in FDM parts.

2.4.1 Analytical approaches

Analytical approaches can be used to predict the effective properties (such as its E,
Poisson’'s ratio, and UTS of AM parts [138]. These properties can then be used to simulate
the behavior of AM parts under different loading conditions. This allows designers and
engineers to optimize the design of AM parts with in-built porosity by predicting their

mechanical behavior and identifying potential failure modes.

Over the last four decades, researchers have proposed several analytical approaches for
quantifying the effect of porosity in AM parts. Isida and Igawa [139] conducted a
theoretical analysis on a uniform zigzag array of circular voids under uniaxial tension by
using complex stress potentials. They suggested an effective modulus approach with a

dimensionless parameter. Gibson and Ashby [140] also proposed a model to determine the
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properties of porous samples. Their model predicted the E and Y'S of the porous material
as a function of the relative density of the solid material. The Gurson model has also been
used to simulate the mechanical properties of ductile metals with voids [141]-[142]. The
Gurson model assumes that the material is composed of a solid matrix and spherical voids.
The model predicts the effective stress as a function of the volume fraction, size, and shape
of the voids. Eshelby inclusion model has also been used to study the elastic behavior of
composite materials containing inclusions of arbitrary shapes and orientations [143]-[144].

It assumes linear elastic inclusions and can also be used to study the effect of porosity.

Researchers have presented several fundamental correlations, which can be employed for
AM parts, between the stiffness of a porous (Ep) and solid (Eo) phase [145]-[153]. These
correlations usually involve comparing the porous structure to a composite material with
two phases. The initial model shown in Table 2.1 is an over simplification and assumes a
linear relationship between the net porosity (p) and total volume. However, several other
models have been proposed that capture the non-linear behavior between the porosity and

material stiffness, as detailed in Table 2.1.
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Table 2.1: Relationships for estimating the effective E of a porous material [138].

Source Type Equation Constants
Dewey [147] Linear o 1_qapP a: Poisson’s ratio dependent constant.
Spriggs [146] Exponential Ep _ exp (—mP) m: material dependent constant.

EO

Wang [148]

McAdam [154]

Martin & Haynes
[155]
Bert [151]

Ramakrishnan &
Arunachalam [152]
Hashin [156]

z—p = exp [—(nP + qP?)]

Ep _pni
Z=@-jpy

Power Ep _ 1 — yp2/3

o

E P
7 ==

Eo
Rational Ep _ (A-P)?

Eo (1+yP)

Ep _ (1-P)

Eo (1+wP)

n and q: nonnegative numbers
dictated by shape of theoretical
curves.

i: Pore's morphology dependent
constant, j: The reciprocal of the
critical porosity.

u: Average void properties dependent

constant.

k: Stress concentration factor,
Q: maximum possible porosity.

y: Poisson’s ratio dependent constant.

w: Poisson’s ratio dependent constant.

2.4.2 Numerical modeling approaches

FEM is considered an effective tool to investigate the effect of process parameters on the

mechanical properties of FDM parts [138], [157]. Results from FEA models are used for

numerical optimization of process parameters with experimental validations [132]. Sheikh

et al. [158] presented a hierarchical multiscale model to analyze the effect of FDM process

parameters on the elastic and shear moduli of printed parts. Their model involved generating

RVEs (Figure 2.25) and solving them using FEA with periodic boundary conditions. Their

study investigated raster orientation (0°, 0°/90°, and 45°/-45°), layer height (0.1, 0.2, and

0.3mm), and porosity in terms of infill density (100%, 75%, 50%, and 25%). Their findings

were validated with experimental results for PLA samples which revealed that porosity had

the greatest influence on the mechanical properties, followed by layer height, and raster

orientation.
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Figure 2.25: RVEs used for analyzing the effect of various process parameters [158].

Anoop and Senthil [159] performed a similar study and highlighted the microscale models
that capture the directional disparity using the RVE approach (Figure 2.26) by
investigating raster orientation (0°, 0°/22.5°, and 45°-45°), layer height (0.1, 0.2, and
0.3mm), and porosity in term of infill density (100%, 75%, and 50%). Their FEA model
enforced boundary conditions for six independent directional strains. Using statistical
tools, they reported infill density as the most significant factor in determining the elastic

properties of FDM parts.
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Figure 2.26: RVEs (a) with 100% infill density for 3 levels of layer height, (b) with 3mm layer height for 3 levels

_

of infill density, and (c) with 50% infill density for 3 levels of raster orientations [159].

Balanzar et al. [160] presented a computational homogenization and multiscale FEM
model to determine the stiffness tensors of the proposed RVESs to predict the mechanical

properties of printed FDM parts. Their RVE idealized random real pores from CT images
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(Figure 2.27) and the mesostructured geometry with various raster angles (0°, 45°/-45°,
and 0°/90°) and build orientations (flat, edge, and upright). They also performed FEM with

periodic boundary conditions and validated their results.

Figure 2.27: (a) CT image from FDM sample, (b) unidirectional RVE, and (c) 0°/90° RVE with idealized random
real pores [160].

Ferretti et al. [161] presented a linear RVE model to predict the macroscopic tensile

behavior of PLA FDM parts. The microstructure for their proposed RVE model was based

on OM images from unidirectional raster orientation (0°). They treated the FDM part as a

fiber composite composed of PLA and Air (Figure 2.28). Three different void dimensions

were considered with different RVE’s (Figure 2.28a-c). Their model assumed good

adhesion between layers and was only valid for small deformations.
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Figure 2.28: RVE model where PLA is indicated in yellow, and air is indicated in green, idealized using OM

image, with void dimensions (a) lengths of 0.07 and 0.28 mm, (b) 0.05 and 0.26 mm, and (c) 0.03 and 0.24 mm

[161].

39



Wang et al. [162] fabricated PLA tensile test specimens using FDM with varying raster
orientations (0°, 90°, 45°/-45°, and 0°/90°) and extrusion widths (0.48, and 0.24 mm). The
internal pores were characterized using X-Ray CT and a MATLAB® script was used to
develop the RVE. The RVE was modeled as a 2D elastic plate with random circular pores
(Figure 2.29). Their FEM model predicted the elastic properties and showed good

agreement with experimental data.
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Figure 2.29: 2D RVE model with randomly distributed pores [162].

Ferrano et al. [163] also presented a macroscale FEM study to investigate the mechanical
properties of FDM PLA full-dense components with different raster orientations (0°, 90°,
45° 45°-45° and 0°/90°). X-Ray CT was used to enable a realistic prediction of
deformation behavior and strength. Their analysis idealized a full geometrical tensile
sample with a solid model (Figure 2.30). The material behavior assumed isotropic

elastoplastic model and employed a hardening equation with failure criterion.
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Figure 2.30: Comparison of a FDM FEA macroscale model and test results[163].

Kerekes et al. [164] studied the impact of FDM process parameters on mechanical
properties with varying infill density (low, medium, and solid) and layer thickness (0.254,
and 0.330 mm) for ABS samples. They used their experimental results to validate a
macroscale FEA model with Gurson-Tvergaard (GT) porous plasticity model to predict the
elastoplastic damage behavior (Figure 2.31). They assumed a solid homogeneous isotropic
model with varying material definitions for the infill and borders. Their study validated
the GT porous plasticity model in combination with a 3D FEM model to predict the
macroscopic elastoplastic damage behavior of FDM specimens. An inverse identification
analysis was also conducted to establish the process—property relationship using the GT
porous plasticity model. However, the macroscale continuum modeling approach failed to

accurately predict non-uniform strains observed in the experimental results.
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Figure 2.31: Macroscale FEM model with experimental results for FDM ABS parts [164].

Garg and Bhattacharya [15] followed a similar approach and presented a realistic FEM
model of an FDM ABS tensile test specimen that was derived from OM images (Figure
32). Multiple printing process variables were integrated into the model, including raster
orientations (0°, 90°, 45°, and 0°/90°), layer thickness (0.178, 0.254, and 0.330), overlap
interval, and air gap. The model assumed isotropic and homogeneous material properties.
Their simulated results were validated with experimental analysis and gave comparable
observations. A summary of the mentioned models across different approaches is given in

Table 2.2.
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Figure 2.32: Macroscale FEM model for FDM tensile samples with 0° and 90° raster orientations [15].
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Table 2.2: Summary of the FEM studies that consider porosity simulation in FDM process.

Reference Mat FE Software Involved parameters Objectives

erial  Model
Sheikh et al. PLA 3DRVE Ansys® Raster orientation, layer Effects on the elastic
[158] APDL height, and infill density and shear moduli
Anoop & - 3DRVE ANSYS® Raster orientation, layer Effects on elastic
Senthil [159] Workbench  height, and infill density properties
Balanzaretal. ABS 3DRVE - Raster orientation, and Stiffness tensors
[160] printing orientations prediction
Ferretti et al. PLA 3DRVE ANSYS® Raster orientation with Effects on elastic
[161] void dimensions properties
Wang et al. PLA 2DRVE ABAQUS® Raster orientations, and Elastic properties
[162] extrusion widths predictions
Ferranoetal. PLA 3D Full ABAQUS® Raster orientations Effects on tensile
[163] geometry properties
Kerekesetal. ABS 3D Full ABAQUS® Infill density and layer Effects on tensile
[164] geometry thickness properties
Garg & ABS 3D Full ABAQUS® Raster orientations, and Effects on tensile
Bhattacharya geometry layer thickness properties
[15]

2.4.3 Research gaps

Literature lacks exhaustive analytical studies or predictive equations that describe the
correlation between various types of porosities and mechanical properties for FDM parts
[138], [165]. Hence, a definitive analytical model that establishes a clear relationship

between material porosity and mechanical properties for FDM is needed.

As presence of voids impacts the part performance, FEM models should consider voids in
the macroscale geometry [166]. However, due to computational resource challenges, the
shape, size, number, and orientation of the pores are normally defined in microscale model
as a RVE [138]. Notably, most of the relevant studies used for macroscale and microscale
FEM models simulate the effect of voids on the mechanical properties of FDM parts based

on several simplification assumptions. Hence, an in-depth analysis is required into the
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possible combination or modification of existing models to predict the effect of process

parameters and voids on the mechanical properties of FDM parts.

FEM models can also be used to predict the mechanical properties of FDM parts and offer
higher accuracy than analytical models but demand extensive resources. However, the
accuracy of FEM can be improved by utilizing advanced models and experimental data
[167]. Therefore, it is crucial to predict the impact of voids in FDM parts by using accurate
and refined FEA models to establish the link between infill density and mechanical

properties of printed parts.
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CHAPTER 3

METHODOLOGY

3.1 Experimental work

3.1.1 Sample preparation and printing
In this work, PLA filament from Raise3D was used for manufacturing the FDM samples
(Table 3.1). A Raise3D E2 FDM printer (Figure 3.1a) was used to print the FDM samples

while the CAD models were sliced using I[deaMaker®.
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Figure 3.1: (a) Raise3D E2 FDM Printer, and (b) dimensions of tensile samples.

Table 3.1: PLA specifications [168]

Property Testing Method Typical Value
Product name Raise3D Premium PLA

Manufacturer Shanghai Fusion Tech Co., Ltd. (for raise3D)

Density (21.5 °C) ASTM D792 (ISO 1183, GB/T 1033) 1.2 g/cm3

Glass transition temperature  DSC, 10 °C/min 61 °C
Crystallization temperature DSC, 10 °C/min 114 °C

Melting temperature DSC, 10 °C/min 150 °C

Young's modulus (X -Y) ASTM D638 (ISO 527, GB/T 1040) 2636 + 330 MPa
Tensile strength (X-Y) ASTM D638 (ISO 527, GB/T 1040)  46.6 +0.9 MPa

Elongation at break (X -Y) ~ ASTM D638 (ISO 527, GB/T 1040)  1.90 + 0.2 %
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The tensile samples printed in this work were designed according to ASTM D638-10 type
IV geometry for both the dense and porous samples (Figure 3.1b). The same processing
parameters were used to print the dense and porous tensile samples with three repetitions
(Table 3.2). The use of alternating raster angles combined with an infill pattern of lines
was used to mitigate the anisotropy in the mechanical properties of FDM PLA printed parts.
Several studies have shown that alternating the orientation of the infill lines result in even
stress distribution throughout the material [169]. Consequently, it enhances the mechanical
uniformity across different directions, leading to improved strength and durability of the
printed parts [79], [169], [170]. Additionally, using line infill patterns can enhance printing
speed as they allow for continuous, uninterrupted extrusion paths. This reduces the need
for frequent interruptions during the print process and results in an efficient printing

operation with better surface finish [166].

Table 3.2: Processing parameters used to print the FDM PLA samples.

Parameter Value

Build orientation Horizontal (X-Y)

Nozzle temperature 205 °C

Bed temperature 60 °C

Infill speed 70 mm/s

Nozzle diameter 0.2 mm

Layer height 0.2 mm

Raster width 0.4 mm

Raster angle +45°/-45°

Infill density 50%, 60%, 70%, 80%, 90%, and 100%
Infill pattern Lines

Five levels of infill density from 50% to 90% were used. Full dense samples were also

printed for calibrating the FEM and analytical models. An example of a printed sample
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with 50% infill density is shown in Figure 3.2a. The predefined toolpaths used to

manufacture the FDM samples are shown in Figure 3.2b.

]

4

(@) (b)

Figure 3.2: (a) Printed PLA FDM sample with 50% infill density and (b) toolpath for internal rasters.

3.1.2 SEM imaging

FEI™ Quanta FEG 250 SEM (Figure 3.3) was used at 20 kV to analyze the voids
formation as well as the dimensional accuracy of the printed samples. All samples were
gold coated for 20 s prior to analysis. The as-built and fractured surfaces from tensile

samples were analyzed to reveal the microstructural features across various infill densities.

Figure 3.3: FEI™ Quanta FEG 250 SEM machine.

3.1.3 Tensile testing
The uniaxial tensile tests were conducted using an Instron® 3367 Universal Testing
System with a load cell of 30 kN and a crosshead velocity of 2 mm/min (Figure 3.4a). An

Instron® 12 mm extensometer with a range of 5 mm (Figure 3.4b) was also used. The
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analysis of the experimental data provided essential mechanical properties, including UTS
and E. The engineering stress-strain curves were generated according to the acquired force
and extensometer data from the tensile experiments. The engineering curves were thrn

converted into true stress-strain data before using them in the FEA simulations.

(a) (b)

Figure 3.4: (a) Instron® 3367 Universal Testing System for tensile tests and (b) Instron® Catalogue 2620-601 12

mm extensometer.

3.2 Analytical models

Analytical models provide a faster and efficient approach for predicting the material
behavior. Various analytical models (Chapter 2) were used to predict the effective tensile
modulus (E.) of solid parts with inherent pores. Constants for each model were calculated
based on the experimental results. E, was calculated from the full-dense sample whereas
the material or geometrical constants (a, m, u..etc.) were calculated using the tensile test
results of 50%, 70% and 90% infill densities. The results from the 60% and 80% FDM
samples were used for validating the proposed models. A new model was also proposed
and calibrated with the optimum constants. All the analytical models used in this work are

provided in Table 3.3. The relationship between the proposed effective tensile modulus
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and the porous structure was used to represent the elastic material model in the numerical

simulation approaches used in this work.

Table 3.3: Analytical relations for E predictions of porous samples.

Type Equation Source of origin
Linear E, = E,(1—bp) [147]
Exponential E, = E,[exp(—mp)] [146]

Power E, = E,(1 —up®?) [155]

Rational E, =E, [%] [152]

Proposed model E, = E,[exp(—ap®) + p"] Proposed

3.3 Computational modeling

The tensile properties (E and UTS) of the FDM samples with in-built voids were predicted
using FEA. ANSYS® Workbench 2023 R1 was used to create a nonlinear static structural
FEA model. Dense and porous samples were simulated under uniaxial tensile loading to
assess the strength and stiffness variation with different porosity levels. Multiple
simulation approaches were proposed, including combinations of numerical and analytical
models, to analyze the tensile behavior of FDM parts with different void fractions. Next,

the simulated results were verified and validated with experimental results.

3.3.1 Governing equations

In this work, nonlinear FEA for structural mechanics was used, for both the 3D and 2D
simulations. Typically, the equilibrium equations and constitutive equations are required
to derive the governing equations. The equilibrium equations express the balance of forces
acting on the body. In a nonlinear static analysis, they are usually given by [171]:

Vo+F=0 (3.1)
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where o is the stress tensor, and F represents the external forces. The full form for 3D
static analysis can be given as:

doy N 0Ty N 0T,y
0x dy 0z
0Ty, 0do, 0Ty,

I + 3y + P + F, =0 (3.2)
0Ty, N 0Ty, N do,
0x dy 0z

+ F,=0

+FE=0

where o,, 0, and g, are the normal stresses in the X, y, and z directions respectively, 7,,,
Txz, and T, are the shear stresses in the xy, xz, and yz planes respectively, and F,, F;,, and
E, are the external forces in the X, y, and z directions respectively. Additionally, the
constitutive relation for materials undergoing plastic deformation is typically represented
by the stress-strain relationship. It can be expressed in the simplest form as [171]:
o=D:e€ (3.3)

where € is the strain tensor, and D is the constitutive matrix. However, for large
deformations that cause geometric nonlinearity, strains are not simply related to the
displacements. A common way to handle this is by using the Green-Lagrange strain tensor

[171]:

€= %(Vu + vu’) (3.4)

where u is the displacement vector. Combining the equilibrium equations, constitutive
equations, and geometric nonlinearity (Equations 3.1 — 3.4), gives the equation for the

full nonlinear static analysis for 3D problems:

V.{D: E (Vu + VuT)]} +F=0 (3.5)

The assumption of 2D plane stress implies that the stresses and strains in the thickness

direction are negligible compared to those in the plane of interest. The equations remain
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essentially the same, with slight modifications. The equilibrium equation for the 2D

problem is given as:

d d

T, Ty Bo=o

0x dy (3.6)
oy 0% L _ g |
0x oy y -

These are transformed to the so-called weak form using the principle of virtual work or
energy minimization principles. The elemental formulation for stiffness matrix and force
vector are derived from the weak form. The stiffness matrix relates the nodal displacements
to the internal forces within each element and is derived from the material properties and
geometry of the element in linear analysis. In nonlinear analysis, it varies with the current
state of deformation. It represents the relationship between the applied forces and the

resulting deformations, and it can be defined as [172]:
K= f BTDBAV (3.7)

where V is the volume, and B is the strain-displacement matrix. Matrix B would typically
be a 6x3n matrix (where n is the number of nodes) and D is a 6x6 constitutive matrix for
the 3D case. On the other hand, B (Strain-displacement matrix) would be a 3x2n matrix
and D would be a 3x3 constitutive matrix for the 2D (plane stress) case. The global stiffness
matrix is represented by assembling the elements stiffness matrices according to the node
connectivity. In static analysis, this assembly also accounts for the applied boundary

conditions and is represented as:

[K]{u} = {F} (3.8)
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where K is the global stiffness matrix, and F is the force vector. These nonlinear algebraic
equations are then solved for equilibrium using iterative methods like Newton-Raphson

[173].

3.3.2 Material models

PLA is often categorized as an elastoplastic material as it exhibits both elastic and plastic
behavior under stress [174]-[175]. However, some studies modeled PLA as visco-elastic-
visco-plastic material for analyzing the effect of strain-rate [176]. While PLA can exhibit
some plastic behavior, it is generally considered more brittle compared to true elastoplastic
materials [67]. Since this analysis considers uniaxial tensile loading with constant strain-

rate, an elastoplastic material model was defined for PLA.

An Isotropic Linear Elastic model was configured for all approaches and E was defined
according to the predictions from the optimum analytical relation at each porosity level.
The Isotropy assumption was attributed to the infill pattern (45°/-45°) used in this work.
Stiffness was updated for each porosity level with its corresponding effective stiffness used
to relate the material density to material stiffness. Poisson’s ratio was fixed as 0.36 across

all approaches [177].

Additionally, the plastic behavior was defined using a Multilinear Isotropic Hardening
model which simulated the nonlinear strain hardening response until necking. The model
was defined based on the experimental true plastic stress-strain results. As behavior after
necking cannot be predicted accurately, data after the UTS was neglected. The default
material hardening behavior was based on the plastic behavior of the full-dense sample

(100%) for specific modeling approaches. Alternatively, an extended model was also used
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that was based on multiple hardening curves (50%, 70%, and 90%). In this approach, a
porosity dependent user-defined function was defined. Results from the 60%, and 80%
samples were used for validation to assure the predictability of the hardening behavior

across random infill densities.

Lastly, material density was the only required physical property of the user defined material
model which was required for all numerical approaches used in this work. The material

density was set as as 1.2 g/cm3 according to the PLA’s supplier technical data sheet.

3.3.3 Geometrical models and boundary conditions

In all geometrical models used in this study, only the gauge length of the tensile samples
was modeled for computational efficiency. The gauge length for various CAD models
namely: (a) 2D dense, (b) 2D porous, (c) 3D dense and (d) 3D porous were created in
Solidworks®. The 2D (Figure 3.5a) and 3D (Figure 3.5b) dense models were defined as

rectangles that represented the gauge length of the samples.

[ 27.53 mm |

(b)

Figure 3.5: The CAD model for (a) 2D dense and (b) 3D dense FEA models.

In addition, 2D and 3D porous models were also constructed to model the material behavior

under tensile loading. The 2D porous geometrical models were projected by representative
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models of stacking subsequent layers. These geometrical models were verified by the
average dimensions across all infill densities using optical and SEM analysis. The effect of
infill density on void fractions was captured by the raster gaps variation, as shown in

Figure 3.6.
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Figure 3.6: 2D CAD porous models for (a) 50%, (b) 60%, (c) 70%, (d) 80%, and (e) 90% infill densities.

For the 3D porous models, CADs were generated in alignment with the designated infill
pattern and other predefined processing parameters and part dimensions. To generate the
3D porous models, the inner infill layers were constructed with a partial overlap between
the stacked layers (Figure 3.7 Steps 1-3). Then, the shells (boundaries) were added around
the inner infill layers (Figure 3.7 Step 4). Lastly, the first (bottom) and last (top) layers
were attached to the overall model (Figure 3.7 Step 5). The first and last layers were built

as full-dense parts in accordance with the slicing software.
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Figure 3.7: 3D porous model’s construction steps for 50% infill density.

The same steps were then used to generate the CAD geometry for all infill densities.
Figure 3.8 shows the corresponding CAD models for 60%, 70%, 80% and 90% infill

densities with partial view of the internal infill rasters.

(60%) (70%)

(80%) (90%)

Figure 3.8: 3D porous CAD models for various infill density levels (60%, 70%, 80%, and 90%6).
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Lastly, a displacement and fixed boundary condition (Figure 3.9) were applied on all
samples to predict the tensile response with various void fractions. Geometric nonlinearity
was accounted by enabling large deflections in the analysis along with automatic time
stepping to achieve convergence. The final displacement was applied in multiple load steps

to mimic the experimental setup and avoid erroneous stress concentrations.

[A] Fixed BC.
Displacement BC.

Figure 3.9: Applied boundary conditions.

3.3.4 Meshing

Part discretization for FEM analysis was carried out for all parts. Figure 3.10 shows a
typical Quadrilateral and Hexahedron mesh for the full-dense 2D and 3D parts,
respectively. The final mesh size was based on a mesh sensitivity analysis for the 2D and

3D parts (Table 3.4). The maximum stress results showed a mesh convergence near 4000

and 70,000 elements for the dense 2D and 3D parts, respectively.

(2D) (3D)

Figure 3.10: Mesh for 2D and 3D dense models.
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As the porous models required finer mesh, the 2D and 3D porous geometrical models were
meshed using Triangular and Tetrahedron elements with finer mesh. A mesh refinement
tool was also used to enable efficient discretization around the voids. Figure 3.11 shows a
sample of the meshed shells, voids, and rasters in the 80% 3D porous model. A similar
approach was adopted for the 2D porous models. A finer mesh was used around the infill
to capture the void geometry while a course mesh was used in the shells (Figure 3.12).
Based on the mesh sensitivity analysis (Table 3.4), a final mesh of 25473, 28459, 38868,
77976, and 98075 elements was used for 50%, 60%, 70%, 80% and 90% samples in 2D
porous models. Also, 834234, 872472, 1129870, 1270985, and 1750687 elements were

used for 50%, 60%, 70%, 80% and 90% 3D porous models.

Figure 3.11: Mesh for the 3D porous models.

Figure 3.12: Mesh for the 70% 2D porous model.
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Table 3.4: Mesh convergence analysis with respect to Error% of UTS predictions.

Approach No. of elements Error %
2D-D 1103 9.80
1840 474
4140 0.94
14720 0.94
2D-P* 6007 7.11
7590 3.39
25473 0.66
63887 0.66
3D-D 15490 5.75
34632 2.71
70890 0.43
113998 0.43
3D-P* 102933 14.18
515601 9.11
834234 1.68
1392516 1.68

*Results are based on 50% infill density.

3.3.5 Modeling approaches

A total of four approaches were used according to the variations in the material and
geometrical definitions as described in the preceding subsections. The proposed
approaches are detailed and summarized in Table 3.5. It should be noted that D and P
represent dense and porous structures, respectively. Additionally, the hardening models are
presented as 100 and 100+ and denote the full-dense multilinear hardening behavior and
the extended porosity based hardening model, respectively. The stiffness was defined
similarly for all approaches using the proposed analytical model. For example, 3D-P-100
approach simulated a 3D porous model with a hardening behavior defined by full-dense

parts. On the other hand, a 2D-D-100+ approach simulated a 2D full-dense model with a
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hardening behavior defined by a multilinear hardening function described by multiple

hardening curves.

Table 3.5: Summary of the proposed modelling approaches

Approach  Dimension  Structure Stiffness Hardening
3D-P-100 3D Porous Analytical estimate  100% behavior
3D-D-100+ 3D Dense Analytical estimate  Multiple behaviors

(50%-70%-90%-100%)
2D-P-100 2D Porous Analytical estimate  100% behavior

2D-D-100+ 2D Dense Analytical estimate ~ Multiple behaviors
(50%-70%-90%-100%)

The data from numerical simulations was used to generate the stress-strain curves for
various infill densities. The process involved extracting the numerical data from FEM
models. The results from the FEM models were utilized to predict the maximum normal
stress along the displacement direction. This was accomplished by averaging the normal
stress results across the sample. A user-defined function (EPTOX) was also used to
calculate the total elastic and plastic strains along the uniaxial test direction. The stress and
strain values were averaged across all the points to mitigate the effects of local anomalies
or outliers. The averaged data sets were then used to construct the final predicted true
stress-strain curves for all infill densities. The FEA results were used to represent the

material response under tensile loading up to the UTS.

Since the FEM material models were defined up to UTS point, a perfectly plastic behavior
was assumed beyond the UTS. Thus, the model was not used to predict any material
behavior after the UTS. This approach ensured accurate prediction up to the maximum

load-bearing capacity of the material.
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CHAPTER 4

RESULTS AND DISCUSSION

This section offers a detailed examination of the mechanical properties of FDM parts,
focusing on void formation, tensile behavior, and the effectiveness of analytical and
computational modeling approaches. The experimental analyses presented in this work
investigates the void formation in PLA FDM samples with varying infill densities. Tensile
tests were also conducted to assess the mechanical properties. Analytical models were
evaluated, and a new model was proposed and validated with experimental data.
Computational models, employing 2D and 3D representations were also employed to
simulate the mechanical behavior across various infill densities. Through comparison of
computational approaches, insights were gained into optimizing the part quality and

performance in FDM manufacturing.

4.1 Voids formation

The internal architecture of FDM components can be tuned by adjusting the infill pattern
and density [68]. Slicing software tailored for FDM processes typically incorporates
customizable infill densities and a variety of selectable infill patterns during the
preprocessing phase. This allows the users to craft the final part with a desired internal
structure that optimizes factors such as printing time, material costs, and part quality [64].
Generally, lower infill densities are associated with expedited and cost-effective prints,
whereas higher densities are chosen to enhance part quality and structural integrity [178].

The infill density dictates the volume of material used to fill the entire part, while the infill

60



pattern determines the toolpath through which this material is deposited. In this study, infill
density serves as the primary independent variable for all parts. All other process
parameters such as infill pattern, layer height, raster width, building orientation, printing
speed, nozzle, and bed temperatures were maintained for all PLA FDM parts. This

approach facilitates the investigation of void formation across varying infill densities.

SEM is an excellent tool to examine the voids within FDM structure with different infill
densities. Specifically, samples with infill densities of 50%, 70%, and 100% were printed
without shells to reveal the internal structure (Figure 4.1). Then, they were examined to
explain the influence of infill on void morphology, size, and distribution within FDM PLA
structures.

©

.................. 2

(a) (b

Figure 4.1: Printed FDM PLA samples with (a) 100%, (b)70%, and (c) 50% infill densities

7
)

Since the infill pattern was fixed, a similar trend was observed for the void distribution in
all samples. All samples exhibited a periodic arrangement of skewed rectangles due to the
prescribed raster angles of 45° and -45° for each successive layer with similar void shape
and configuration. Only the air gap/void size varied between samples of different infill
densities. Figure 4.2a illustrates the full-dense FDM PLA part without any noticeable
voids in the microstructure. Figures 4.2b-c show the SEM images from 70% and 50%

infill densities, respectively with presence of porosity between rasters.
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Figure 4.2: SEM images showing increasing voids area fractions with decreasing infill densities for (a) 100%, (b)
70%, and (c) 50% samples.
The microstructural analysis revealed three different types of void types (raster gap, sub-
perimeter, and partial neck growth voids) in the printed samples. The raster gap voids are
clearly visible between the rasters of each layer in Figures 4.2 b-c. The results show that
as the infill increased, the air gaps decreased. Therefore, more rasters were printed in each
layer for higher infills as shown in Figure 4.2a. On the other hand, sub-perimeter voids
were visible around the intersection of the shells and inner infill along the toolpath direction
change. These defects were also observed in the full-dense parts (Figure 4.3). The presence
of sub-perimeter voids cannot be avoided as they are attributed to the FDM process and

selected parameters [108], [179]-[180].

I

Toolpath

Figure 4.3: SEM images showing sub-perimeter voids between toolpath changes at contact area of shells and

inner infill for full-dense parts.
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Partial neck voids were also observed in the full-dense and porous samples. Cross-sectional
images from the full-dense fractured tensile samples (Figure 4.4) show the partial neck
growth between adjacent rasters and layers in full-dense parts. As voids were observed in
full-dense parts, it can be concluded that a similar behavior will be observed in porous
samples. On the other hand, intra-bead voids were not detected since pure PLA filament
was used and intra-bead voids are commonly found in composite materials [43], [179]. In
addition, infill voids were not observed in this study since complex internal architectures,

such as the gyroid etc., were not used in this work [181]-[182].

Voids

Cgie=

Figure 4.4: SEM image showing partial neck growth voids between adjacent rasters and layers of full-dense
fractured tensile sample.
It should be mentioned that even though all samples were printed with the same raster
width, it was observed that the raster width was not consistent for all samples. Only samples
with higher infill density showed similar raster width. This can be seen in the SEM images
from the 50%, and 70% samples (Figure 4.2). The SEM results from the porous 50%
samples exhibited rasters with non-straight edges while the rasters from the 70% samples
showed almost straight edges. This can be rationalized by the fact that as the infill density

decreased, the air gap between the adjacent rasters increased. Consequently, while printing
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a raster on top of an air gap from a previous layer, the filament descends due to lack of

support from the previous layer resulting in non-uniform edges.

In order to verify the dimensions of the generated CAD models, ImageJ® was used to
quantify the average void area fractions from the SEM images. SEM images from random
locations (Figure 4.5a) were smoothened and sharpened (Figure 4.5b). They were then
converted into gray scale images (Figure 4.5c¢) to isolate the voids from the printed rasters.
Lastly, the average area of voids for each density level was calculated (Figure 4.5d). The

results from this image analysis were used to create the CAD models used in the FEA.

(d)
Figure 4.5: Image processing steps (a) Original SEM images, (b) enhanced image, (c) converting to gray scale,

and (d) voids area fraction.

4.2 Tensile results

The tensile test results obtained from the specimens printed with infill densities of 100%,
90%, 80%, 70%, 60%, and 50% are shown in Figure 4.6. The tensile results reveal
significant insights into the mechanical behavior of FDM parts printed with varying
internal structures. As expected, specimens printed with higher infill densities exhibited
increased tensile strength compared to those with lower infill densities. This trend can be
attributed to the denser internal structure, which provided enhanced interlayer adhesion and
resistance to deformation under tensile loading. Specifically, the specimens printed with

100% infill density exhibited the highest tensile strength, followed by the 90%, and 80 %
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infill density specimens. The generated engineering stress-strain curves (Figure 4.6) for
all infill densities were also converted into true stress-strain curves for the FEA formulation
(Figure 4.7). Furthermore, stiffness of the printed specimens was significantly influenced
by the infill density. Lower infill densities contributed to reduced stiffness due to the
presence of voids, and hence less material that could resist the tensile deformation.
Conversely, similar to other FDM PLA materials, higher infill densities enhanced the

stiffness [170], [183].
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Figure 4.6: Uniaxial tensile engineering stress-strain curves for samples with varying infill densities.
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Figure 4.7: Uniaxial tensile true stress-strain curves for samples with varying infill densities.

The tensile response from the FDM PLA samples are in-line with other studies. Kasim and

Owed [178] investigated PLA specimens with different speeds and infill ratios and found
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that increasing the infill ratio and slower speeds improved the tensile properties (UTS and
E) at 100% infill.

In contrast to tensile strength, the elongation at break (EB) displayed a converse
relationship with infill density. Specimens printed with lower infill densities exhibited a
higher EB compared to those with higher infill densities. On the other hand, ductility
increased with lower infill densities. This was also reported for other thermoplastic
materials printed using FDM [170], [184]. This behavior can be attributed to the presence
of voids and lower material density within the specimen that allowed for higher
deformation before failure. Consequently, specimens with 50% infill density demonstrated
the highest EB, followed by the 60% and 70% specimens.

The fracture surfaces for the printed samples were also analyzed. Figure 4.8 shows the
fracture surface of a full-dense sample. Results show a brittle fracture without the presence
of any ductile features in the fracture surface (Figure 4.8b) or macroscopic (Figure 4.8a)
sample. The fracture surface revealed a smooth morphology of the fracture sample with no

necking due to the brittleness exhibited by pure PLA FDM samples.

(b)

Figure 4.8: (a) Fractured full-dense tensile sample and (b) Fracture surface of a full-dense sample.
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On the other hand, the 50% infill density sample showed a nonuniform fracture edge that
was reflected in the noticeable increase in ductility of porous samples (Figure 4.9a). The
SEM analysis of the 50% infill density fracture surface demonstrated similar
morphological characteristics as of the higher infill densities. However, analysis of raster
failure showed elongation followed by brittle failure along the individual rasters as seen in

Figure 4.9b [15].

(b)

Figure 4.9: (a) Fractured 50% tensile sample and (b) Fracture surface of a 50% sample.

Although brittle fracture occurred on individual rasters in porous samples, the voids in
porous samples allowed for higher localized deformations. Accordingly, samples with
lower infill densities exhibited larger amount of fracture paths which elevated the ductility
of printed parts. The fracture mechanics of pure PLA with other raster angles and infill
pattern were also reported with similar conclusions. However, when considering PLA with

reinforcements the fracture surface exhibited rough surfaces [185]-[186].

A summary of the average true UTS, YS, E, and EB are presented in Figures 4.10a-d. The
observed experimental trends from the tensile results of FDM PLA samples highlight the

importance of infill density in achieving the desired mechanical properties. Higher infill
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densities are favorable for applications requiring superior mechanical strength and
stiffness, such as structural components or load-bearing parts. Conversely, lower infill
densities may be preferred for applications that prioritize flexibility and resilience, such as
soft robotics or wearable devices. By understanding the relationship between infill density
and mechanical properties, designers and engineers can optimize part performance while

minimizing material usage and production time.
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Figure 4.10: Average true results for (a) UTS, (b) YS, (c) E, and (d) EB for samples with different infill densities.

4.3  Analytical predictions of stiffness

This study investigated the predictive capabilities of existing analytical models used for
estimating the stiffness of FDM parts across varying porosity levels. As discussed
previously, literature presents various models to predict the stiffness of FDM parts (Section
2.4.1). Therefore, some commonly used models were assessed in this work. In addition, a
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new power-exponential model was proposed. To calibrate the models, the model constants
were fitted using experimental data from infill densities of 90%, 70%, and 50%. Results
from the 80% and 60% samples were reserved for validation. The models used in this work

are summarized in Table 4.1.

Table 4.1: Proposed and commonly used analysis models.

Author Equation type Fitted Equation

Dewey [147] Linear E, = E,(1—1.0483p)

Spriggs [146] Exponential E, = E,[exp(—1.2205p)]

Martin and Haynes [155] Power E, = E,(1— 0.6445p?/%)

Ramakrishnan [152] Rational E, =E,[ (1 —p) ]
P °*(1 + (—0.9364)p)

Proposed equation Power- Exponential ~ E, = E,[exp(—1.1p°°") + p**]

Figure 4.11 illustrates the predictive performance of all utilized existing models against
experimental results. It was observed that while all models exhibited inaccuracies for infill
densities below 65%. This observation is in-agreement with other findings in literature that
highlight the inaccuracies in predictions from analytical models for parts with high
porosities [138]. Their results indicate that analytical models exhibit higher errors with

highly porous parts, leading to inaccurate stiffness predictions.
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Figure 4.11: Predictions of material stiffness from commonly used analytical models for various infill densities.

The experimental results revealed a nonlinear relationship between stiffness and infill
density. Notably, power, and exponential relations demonstrated superior performance
compared to other models. Therefore, a power-exponential model was proposed. Figure
4.12 illustrates the predictive capabilities of the proposed model, showcasing its alignment
with the experimental data. The 50%, 70%, and 90% results were used to calibrate the

model while 60% and 80% were used for validation.
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Figure 4.12: Predictions of material stiffness from the proposed analytical model for various infill densities.
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Table 4.2 shows a quantitative assessment of the various models used to predict the part
stiffness with varying infill densities. Analysis of the percentage errors from all models
shows decent agreement with experimental results. All models exhibited high errors with
50% infill densities with the linear and rational equations showing the highest errors (20%).
Analysis of the average error showed that the power equation resulted in the least average
error (0.9%). However, the power relation shows a 3% error with 60% parts. It should be
noted that all models show underestimation for certain infills which could lead to early

failure.

The percentage errors for the proposed power-exponential relation were also calculated
and are shown in Table 4.2. The proposed model shows the least average error (0.5%). In
addition, the proposed model shows minimal errors across all infill densities. Finally, the
minimal errors from the proposed model showed overestimations to assure safer
predictions. Therefore, it can be concluded that the proposed model can be used to predict

the stiffness of the FDM PLA parts accurately.

Table 4.2: Percentage errors from the existing and proposed analytical models for varying infill densities.

Equation 100%  90% 80% 70% 60% 50% AVG Er%e
Linear Eq. 0 3.15 2.07 -1.05 -7.91 -20.73 -4.89
Exponential Eq. 0 1.99 1.18 0.09 -2.67 -9.51 -1.78
Power Eq. 0 -0.77 0.69 2.66 311 -1.05 0.93
Rational Eq. 0 2.98 1.71 -1.63 -8.71 -21.69 -5.47
Proposed Eq. 0 0.65 0.25 0.57 0.92 0.13 0.50

This superior predictive accuracy positions the proposed model as a reliable tool for
estimating the E in PLA materials printed with comparable settings. By providing rapid
estimations of stiffness degradation associated with reduced infill densities, the proposed

model empowers the decision-making processes in FDM. Practitioners can utilize this
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model as a rapid quantification method to assess the trade-offs between infill density, print
speed, material usage, and part stiffness, thereby optimizing the printing strategies required
to meet specific requirements. Its accuracy, ease of implementation, and potential for rapid
estimation make it applicable to be used in defining the material elasticity in FEA
modeling. The details of the various 2D and 3D models used in this work are given in the

next section.

4.4  Computational modeling of tensile properties

4.4.1 Material models

The material inputs for the different FEM approaches are presented in this section. A
combination of different elasticity and different models was used in this work. While
considering the elasticity behavior, the stiffness (E) for each infill density was analytically

predicted using the proposed validated power-exponential relation (Figure 4.12).

Additionally, two approaches (100 and 100+) were used to describe the material hardening
behavior. The 100-approach incorporated a Multilinear Isotropic Hardening model based
on the full-dense samples (Figure 4.13). For porous models, the effect of voids was
adjusted according to the plastic behavior. The 100+ approach used a porosity dependent
linearly interpolating function for defining the material hardening behavior under various
infill densities. The experimental results from 90%, 70%, and 50% were used to define the
100+ model (Figure 4.13). As the effect of porosity was captured by the porosity
dependent hardening function, this enabled the simulation of porous samples without any

voids in the geometry.
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Figure 4.13: Multilinear Isotropic Hardening models used for the 100%, 90%, 70%0, and 50% infill densities in
100 and 100+ approaches.

The proposed model used a linear interpolation to define the hardening behavior of a

randomly selected porosity level. The hardening data from a lower (P1) and higher (P2)

porosity level was used to interpolate the hardening value (o) at each strain (g) as shown

in Equation 4.1.

P-P;
Py-pPy

o(P) = o(Py) + [6(P2) - 6(P1)] (4.1)

where Py and P are the porosity levels with defined hardening, and P is the porosity level
of interest. In addition, at P1, the hardening values are given as [(s1,61), (£2,62), ...etc.] and
at Py, the hardening values are given as [(£1,6'1), (2, 62), ...etc.]. If a porosity level was
selected beyond the defined range, the hardening behavior from the 50% porosity level was
assumed. This process ensured that the material properties reflected the appropriate

porosity-dependent behavior.

The various approaches employed in this work offer flexibility in simulating the

mechanical behavior of FDM parts across varying infill densities. These material models
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lay the foundation for conducting comprehensive computational analyses to evaluate the

structural response and performance of FDM components under tensile loads.

4.4.2 Model verification

The proposed FEM models were verified based on the experimental stress-strain results
from full-dense parts for the 100-type models, and from 100%, 90%, 70%, and 50% for
100+ models. A perfectly calibrated model is expected to produce perfect predictions from
the verification dataset. However, as the tensile response offers a non-linear behavior, it is
important to analyze the model response from the calibrated data. It should be noted that
all models were used to predict the material stress-strain behavior till UTS as material

softening or failure was not incorporated.

Results from all 2D and 3D models (Figures 4.14 — 4.17) show good agreement with
experimental stress-strain results. Some variation was anticipated, as the plastic behaviors
were defined based on average values from multiple tensile tests. The 2D-P-100 and 3D-
P-100 approaches were verified with results from full-dense parts since (Figures 4.14 and
4.16). Moreover, 2D-D-100+ and 3D-D-100+ approaches were verified with 100%, 90%,
70%, and 50% data since they were used for the material definition (Figures 4.15 and

4.17).
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Figure 4.14: Verification results from the 2D-P-100 model for full-dense parts.
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Figure 4.15: Verification results from the 2D-P-100+ model for the 50%, 70%, 90%, and 100% infill densities.
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Figure 4.16: Verification results from the 3D-P-100 model for full-dense parts.
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Figure 4.17: Verification results from the 2D-P-100 model for the 50%6, 70%, 90%, and 100% infill densities.

A slight difference was observed between the 100 and 100+ approaches, indicating that the
extended built-in function for plastic behavior altered the material's plastic response
slightly. Moreover, the 3D models were reported to give slightly higher predictions in all
approaches compared with the 2D models, which is generally desirable but with the

expense of more computational time.

Overall, this verification of FEM models demonstrates their capability to accurately predict
the tensile response of FDM parts under various infill densities. The consistency and
reliability of the predictions across different modeling approaches verify their applicability

in simulating the tensile structural behavior of printed components.

4.4.3 Model predictions

In this section, the predictive capabilities of the proposed FEM approaches across a range
of infill densities from the 2D and 3D models are presented (Figures 4.18 — 4.21). The
stress-strain response from all infill densities other than 100% were used to validate the

2D-P-100 and 3D-P-100 models (Figures 4.18, and 4.20). Whereas 60% and 80% infill
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densities were used to validate the 2D-D-100+ and 3D-D-100+ models (Figures 4.19, and
4.21). This investigation provides valuable insights into the reliability of the proposed FEM

approaches for simulating the structural response of FDM parts.
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Figure 4.18: 2D-P-100 modeling approach validation results for the 50%6, 60%0, 70%, 80%, and 90% infill

densities.
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Figure 4.19: 2D-D-100+ modeling approach validation results for the 60%, and 80% infill densities.
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Figure 4.20: 3D-P-100 modeling approach validation results for the 50%6, 60%0, 70%, 80%, and 90% infill
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Figure 4.21: 3D-D-100+ modeling approach validation results for the 60%, and 80% infill densities.

Notably, the results from both 2D-D-100+ and 3D-D-100+ approaches demonstrated close
alignment with minimal errors. Therefore, it can be concluded that the response of porous
parts can be predicted with dense parts if the inputs to the material models are defined
properly. The results from the 2D-P-100 and 3D-P-100 also confirmed the accuracy of the
suggested approaches. Figure 4.22 demonstrates the deformation configurations from the

2D and 3D models for dense and porous structures at 50% infill density. The results show
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a similar configuration across all infill densities with uniform deformation throughout the

samples without any necking or stress raisers.

mm

(d)

Figure 4.22: Deformation configurations for (a) 2D-Dense, (b) 3D-Densg, (¢) 2D-Porous, and (d) 3D-Porous
models.
In addition, the maximum normal stress distributions were obtained for both the dense and
porous structures from 2D and 3D models. Figure 4.23 presents the normal stress
distribution at 50% infill densities. Results show a similar trend across all numerical
models with a uniform quasi-static stress distribution that aligns with the experimental
results (Section 3.1.1). This uniformity in the normal stress indicates that the proposed
model distributes the applied load evenly across the structure. Thus, minimizing any stress
concentrations and singularities in the simulated results. Comparable stress distributions
were also reported by other researchers who observed localized stresses around the pores
[64], [187]-[188]. It should be noted that Garg and Bhattacharya [15] observed localized

stress concentrations due to necking.
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Figure 4.23: Maximum normal stress distribution for (a) 2D-Dense, (b) 2D-Porous, (c) 3D-Dense, and (d) cross
section of 3D-Porous models.
Overall, the simulation results showed a good agreement with experimental data. In
addition, the proposed numerical models highlight the accuracy of the FEM models in
replicating the actual stress-strain response of FDM PLA parts without any erroneous
errors in stress predictions due to mesh inconsistencies. Hence, the predictions from both
the 2D and 3D models demonstrated robust and consistent performance across varying
infill densities, verifying the applicability of the proposed modeling approaches in

capturing the tensile response of FDM parts under different infill densities.

4.5 Comparison between the proposed FEM approaches

The E and UTS predictions across various FEM approaches and infill densities are
compared in this section. The average percentage errors for all approaches across various
infill densities for both E and UTS are summarized in Figure 4.24. The 3D-D-100+ model
showed superiority in predicting the E (0.5%) and UTS (0.7%). The 2D-D-100+ model
also showed excellent predictions but with slightly higher errors for both E (0.8) and UTS
(0.8). Also, 3D models resulted in overestimations for E and UTS assuring conservative
predictions. Furthermore, the 3D-P-100 and 2D-P-100 approaches gave acceptable

estimations with higher average errors for both E and UTS. Interestingly, 3D-P-100
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presented better predictions of E (2.5%) and UTS (1%) than the 2D-P-100 model due to

geometric effects.
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Figure 4.24: Average percentage errors from the proposed FEM approaches for E and UTS.

Table 4.3 shows the errors from all numerical simulations to analyze the individual
predictions. All 100+ models outperformed the 100 models, exhibiting lower errors in
stiffness predictions across both 2D and 3D models. This indicates that the extended
plasticity model provided accurate estimations for E and can effectively lead to accurate
estimations without incorporating voids. Generally, 3D models yield acceptable
overestimations in stiffness predictions while enabling safer design considerations. The use
of 2D models might be desired when quick estimations are desired. Ultimately, the lowest

errors were exhibited by the 3D-D-100+ models.

In comparison with existing FEM models, the proposed approaches in this work
demonstrated enhanced accuracy. For example, Kumar and Narayan [189] compared the
tensile strength of PLA FDM samples with their FEM model and revealed around 15%
error while the RVE model proposed by Wang et al. [162] showed around 7% percentage

error.
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Table 4.3: Percentage errors from the proposed models for all infill densities.

Infill%  100% 90% 80% 70% 60% 50%

(El\’/‘lga')z 31746 Err% 275510 Err% 245800 Err% 219920 Err% 199220 Err% 190570 Err%

i(?ép' 31740 002  2807.90 -1.92 245290 021 224800 -2.22 212760 -6.80 1978.80 -3.84
D-D-

ioo+ 31742 001 275480 0.01 247680 -0.76 219890 001 203670 -2.23 190550 0.01

i?ép' 31736 003 271850 133 230240 6.33 214080 2.66  1853.60 6.96  1857.20 2.54

i'?(f' 31739 002 276120 -022 246350 -022 220410 -0.22 204880 -2.84 188340 117

Exp.

UTS 48.12 Err% 4437 Err% 37.63 Err%o 33.78 Err% 31.97 Err%o 29.60 Err%o

(MPa)

3D-P-

100 4821  -0.18  44.46 020 38.02 -1.04 3413 -1.02 3253 -1.76  30.10 -1.68

3D-D-

100+ 4811 002 4460 051 3831 -1.80  33.83 014 3235 -1.20 2973 043

i(?ép' 4809 007  44.05 073  36.70 248  33.30 144  31.39 1.79 2941 0.67

ic?c;?- 4777 074 4418 044 3726 099 3360 054 3158 120 2032 094

Based on the findings, the 3D porous models (3D-P-100) should be selected as a suitable
choice for applications where detailed experimental data is not available, providing a
baseline for mechanical property estimation in FDM parts. Its simplicity and ease of
implementation make it a practical option for quick assessments as only the results from
the full-dense samples are required to calibrate the model. However, for enhanced accuracy
and reliability, particularly in critical applications, the 3D model with modified hardening
(3D-D-100+) stands out as well as the 2D-D-100+. However, the 2D-D-100+ leads to
underestimations. While the 100+ approaches require additional experimental data for
calibration and verification, its ability to capture the mechanical behavior of FDM parts
makes it a viable option for comprehensive analyses. Therefore, depending on the specific
requirements, the 2D dense approach can serve as a quick tool for estimating the material
properties. On the other hand, the 3D dense model with modified hardening offers a more
robust solution, albeit with the need for additional experimental validation. Table 4.4 gives

a summary of the proposed approaches.
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Table 4.4: Methodology to select the modelling approaches.

Factor Recommendation(s)  Objective(s)
Presence of Internal ~ D-type model Voids are neglected in design, but infill
Voids density effect is important.
P-type model Study of porosity evolution
Accuracy vs. Speed 3D simulation More safe and accurate predictions.
2D simulation Faster with lower complexity for initial
estimates.

Prediction Priority 100+ plasticity model  Prioritize accuracy

100 plasticity model Acceptable for most cases, offers a good

balance.

83



CHAPTER S

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The advancement in AM technologies has revolutionized the production of complex
components with intricate geometries. In this study, various analytical and FEM were
developed and validated with experimental data to simulate the tensile behavior of printed
FDM PLA parts under varying infill densities (50%, 60%, 70%, 80%, 90%, and 100%).

The research aimed to provide insights into the effects of voids on the tensile response of

FDM parts. In addition, this work focused on enhancing the capabilities of qualifying the

structural reliability of printed components with varying levels of porosity. The key

findings from this research are as follows:

e Higher infill densities resulted in fewer voids. Raster gap, sub-perimeter, and partial
neck growth voids were minimized with 100% infill density but could not be avoided
due to process-based limitations.

e Analysis of tensile results showed that higher infill densities resulted in increased
tensile strength and stiffness due to fewer voids. The UTS for 60%, 80%, and 100%
infill densities were reported as 32.0, 37.6, and 48.1 MPa, respectively. While the E
values for 50%, 70%, and 90% samples were recorded as 1905.7, 2199.2, and 2755
MPa, respectively.

e Avreduction in infill density resulted in an increase in ductility. The reported elongation

at break for 60%, 80%, and 100% were 10.8, 5.8, and 5%, respectively. Therefore, it is
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suggested that engineers and designers should adjust the infill density based on the
desired balance between strength and material usage.

Several analytical models were compared to the proposed model to predict the stiffness
of printed FDM parts with varying densities. Analysis of the proposed and current
analytical models from literature showed the superior predictive capabilities of the
proposed model. The proposed model showed an average percentage error of 0.5%
across all infill densities.

Various 2D and 3D FEA approaches were used to predict the tensile response of FDM
parts. The 3D geometrical models with density-dependent multilinear hardening
function (3D-D-100+) achieved a 0.5% error for E and 0.7% error for UTS. While the
2D dense model with single multilinear hardening (2D-P-100) achieved the highest
errors for E (3.3%) and UTS (1.2%) predictions.

It is proposed that dense models (D-type) are ideal for scenarios where internal voids
can be neglected, while porous models (P-type) can be used for examining the effects
of porosity in FDM parts. The FEM approaches proposed in this work provide valuable
insights for accurate and rapid estimations of stiffness and UTS associated with the

presence of voids.
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5.2 Recommendations

The findings of this study offer advanced modeling approaches for predicting the

mechanical behavior of FDM parts. The FEM approaches presented in this work provide a

robust framework for optimizing printing strategies, enhancing part quality, and improving

the overall performance of AM processes. Some recommendations for future work are

given below:

o Experimental and numerical analysis on the effect of FDM process parameters and void
shapes on the tensile strength of FDM parts.

o Exploring the incorporation of fracture mechanics models to simulate crack initiation
and propagation in FDM parts.

o Development of analytical models to predict the material behavior under other non-

proportional loading conditions.
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