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Abstract

3D-printing a manufacturing process known as “additive manufacturing” because it adds
material in sequential patterns to generate the desired form rather than removing material
to build a part. The process parameters in three-dimensional (3D) fused deposition modeling
(FDM) printing have a significant impact on the printed product; therefore, the parameters
must be carefully selected to improve the properties of the final product. In view of this, the
present paper experimentally and statistically studied the effect of various printing parame-
ters, namely layer thickness, build orientation, and raster orientation, on printing accuracy,
printing time, tensile strength and flexural strength using Polylactic acid (PLA) filament.
Based on Taguchi’s mized model fractional factorial design, 27 experiments were set and
the specimens of Polylactic acid are printed on an fused deposition modeling 3D printer and
tested for tensile and 3-point bending (flexural strength) using the shimazu AGS-X universal
testing machine. Thereafter, the optimal combination of the parameters was selected using
Signal-to-Noise ratio (S/N), and Analysis of Variance (ANOVA) is used for indicating the
significant parameters and their effect on tensile and flexural strength. And also High-speed
infrared imaging was performed using the Telops FAST-IR 2K. The results showed that print-
ing time decreases as layer thickness decrease and also upright building orientation showed
mazimum building time. The tensile and flexural strengths of the part were affected by the
selected process parameters, including the build orientation, which showed a maximum result
at the one-edge build orientation for tensile strength, while the flat build orientation for flex-
ural strength, the layer thickness of 0.08 mm and 0.16 mm showed a mazimum for tensile
and flexural strength, respectively, and the raster angle of (° /90° showed a mazimum result.
Finally, the building orientations were statistically significant and had a large effect on the
results, with the building orientation having the greatest effect on tensile strength (88.837%)
and flexural strength (77.347%).
KEYWORDS: 3D printed PLA, Fused deposition modeling, Process parameter, Me-

chanical Properties, Infrared image.
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Chapter

Introduction

The manufacturing industry has experienced a transformation due to additive manufac-
turing, in which the manufacturing sector is under increased pressure to seek the advan-
tages of innovative methods that can handle small batches and quick manufacturing due
to global competitiveness and the widespread customization of products [3]. 3D printing
commonly known as additive manufacturing process that creates a physical object from a
digital design [4]. Additive manufacturing is a collection of printing processes that signif-
icantly improve upon the non-conventional manufacturing technologies formerly known as
rapid manufacturing/prototyping. It can be done using various techniques, which frequently
involve layer-by-layer addition of materials like polymers, liquids, or powder grains that can
be deposited together to form a link or solidified under computer control [5].

There are several type of 3D printing, which include Stereolithography, Selective Laser
Sintering, Fused Deposition Modeling, Digital Light Process, Multi Jet Fusion, PolylJet,
Direct Metal Laser Sintering and Electron Beam Melting. Due to the availability of materials
and low cost for production, fused deposition modeling is becoming the most widely used
additive manufacturing (AM) technology and a filament extrusion-based technology that
combines the extrusion process, computer numerical control, materials science, and CAD
system to produce 3D products directly from a CAD model [6, 3, 7, 8]. In the basic FDM
process, a plastic filament is drawn into a liquefier head, where the filament is heated to a
semiliquid state and then extruded through a nozzle to deposit roads or beads to fill each
layer of the part on to a platform in a temperature-controlled chamber. The computer-
controlled head moves in XY plane while the platform moves in the z-direction as required
by the selected layer thickness. As it shown in figure 2.3 different stage of in part fabrication
by FDM technology among concept design, 3D CAD modeling, STL file generation, Silicing

according to required proccess parameters, building object on FDM machine and Support



removal of fabricated object [9]:

However, the reasonable choice of process parameters for FDM is a significant task that
directly affects the performance of the printed part. Therefore, it is necessary to investigate
the influences of various process parameters on the quality characteristics of the components.
Those process parameters include air gap, build orientation, extrusion temperature, infill
density, infill pattern, layer thickness, raster width, raster angle, and print speed, which
have substantial effects on filament (inter-layer and intra-layer) bonding, and thus influence
the mechanical performance of FDM printed components [10].

In fussed deposition modeling thermoplastic and reinforced thermoplastic material used
in 3D printing those include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
polycarbonate, unfilled polyetherimide (PEI), Polyether ether ketone (PEEK), Polyethy-
lene terephthalate glycol (PETG), and fiber-reinforced thermoplastics [7, 11].

This thesis examines the impact of 3D printing process parameters on the mechanical
properties of PLA material-based printed objects using a fussed deposition modeling in
which sample made using various combinations of process parameters. It demonstrates how
the mechanical properties of the printed object depend on the process parameter selection,
particularly printing accuracy, printing time, tensile strength and flexural strength. The
controllable process variables include layer thickness, which three different layer thickness
were considered in order to analyses the influence of this parameter L; = (0.08 mm, 0.16
mm, 0.24 mm) and raster angle, which has variable values such as 0°/90°, 30°/-60°, and
45° /-45°, with build orientation such as flat, on-edge, and upward used, to investigate their
effects on printing time, printing accuracy, tensile and flexural strength of polylactic acid

(PLA) printed with fussed deposition modeling technology.

1.1 Motivation of the study

This FDM technology is the most widely used and is also known as Fused Deposition Mod-
eling. Many companies are using FDM 3D printing technology because it allows for the
production of detailed and intricate objects. This technology can now be used to produce
small parts and specialized tools that would have taken much longer to produce in the past.
The ability to use 3D printing to improve business processes, reduce costs and increase effi-
ciency is exactly why 3D printing has become a popular solution. I am convinced that FDM
3D printing will continue to be a leading technology used by companies around the world.

So the future of 3D printing will show how beneficial it can be and how it will continue to
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deliver results. Every company wants to simplify their workflow, and this is where FDM
printers can really improve the simplicity of the whole process. With FDM, there are a
variety of processing parameters that affect part quality, mechanical properties, build time
and dimensional accuracy. To achieve high quality, lower cost and improved mechanical

properties, it is important to know how the processing parameters are affected.

1.2 Problem Statement

Additive manufacturing (AM) technology reasonable choice to manufacture the different
component. but while processing parameters for fussed deposition method it need a signifi-
cant task that directly affects the performance of the printed part. Therefore, it is necessary
to investigate the influences of various process parameters on the quality characteristics of
the components, mechanical properties, build time, dimensional accuracy and also under sur-
face defect include void, cracks and dilamination one of the major problem for 3D printing in
fascinating manufacturing industry. so, to study about all above thing Experimental Inves-
tigation on dependency of Mechanical Properties of 3D printed PLA components on fussed
disposition modeling process parameters which include the raster angle, Layer thickness and

building orientation.

1.3 Question to be addressed in this thesis

This will address the following questions:

o How tensile and flexural strength of sample fabricated by FDM influenced by 3D

printing process parameters?

o which relevant process parameters combination give optimum to enhance tensile and

flexural strength PLA material based FDM-3D printed sample?

1.4 Objectives

1.4.1 General Objective

Main aim of these research is Experimental investigation of the dependence of the mechanical
properties of printed polylactic acid parts on the process parameters of fused deposition

modeling 3D printing.
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1.4.2 Specific Objectives

o Experimental investigation of the tensile strength of PLA samples fabricated using

various combinations of fused deposition modeling process parameters.

o Experimental investigation of the flexural strength of PLA samples fabricated using

various combinations of fused deposition modeling process parameters.
o Optimization of process parameters by Taguchi method.

o Experimental Investigation of tensile stress test on a PLA samples using high-speed

infrared imaging .

1.5 Scope of the Study

Additive manufacturing (AM) is a viable option for producing complex, rapidly manufacture
parts for various applications, but choosing the right process parameters is critical because
it directly affects the performance of the printed part [12, 10, 13]. The aim of this work is
to experimentally investigate the dependence of the mechanical properties of PLA produced
by fused deposition modeling (FDM) on the process parameters. In this work, detailed ex-
perimental techniques are applied to evaluate the printing time, printing accuracy, tensile
and flexural strengths of PLA specimens fabricated using various combinations of fused de-
position modeling process parameters. These include modeling the specimen in SolidWorks
using dimensions from the International Testing Standard, selecting relevant process param-
eters, slicing and creating G-code based on these selected combinations of critical process
parameters, printing the PLA specimen on a 3D printer, testing the specimen for tensile and
flexural strength using a AGS-X universal testing machine, recording the results, present-
ing the results using tables and graphs, and analysis the effects of these process parameter
changes on tensile and flexural strength. High-speed infrared imaging was performed using

the Telops FAST-IR 2K for tensile testing and processing the image using matlab.
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Chapter

Literature Review

2.1 Materials

For engineers, choosing a material with the right set of mechanical characteristics is one of the
most important aspects of structural design. This characteristics of the material recognized
by standard measurement that describe the behavior of the material under load and one
of well-known phenomenon that necessitates a combined geometric and material nonlinear
analysis of solids is large strain plasticity [14]. Materials start to break as the stress rises
through plastic deformation or brittle fracture. Finding the yield strength, ultimate strength,
and impact strength is one method of quantifying failure behavior, which defined by mode
loading type like tensile, flexural and torsion [15].

A variety of filaments are used for 3D printing, including PLA (polylactic acid), which
is popular for its ease of use, low printing temperature, and biodegradability. It is derived
from sustainable sources such as corn starch. PLA can be used for regular 3D printing and is
available in a range of colors [16]. ABS is known for its tensile strength, hardness, and heat
resistance. It is commonly used for parts and working prototypes that require exceptional
strength. However, the ABS printing process takes slightly longer than PLA [17].

Polyethylene terephthalate glycol (PETG) offers a compromise between the ease of print-
ability of PLA and the strength of ABS. It can be used for a variety of applications and is
impact-resistant and less prone to deformation. Additionally, PETG is transparent and re-
sistant to chemicals. Elastic and rubber-like elements are made from flexible filaments called
thermoplastic polyurethane (TPU). It is widely used for products such as cell phone cases,
gaskets, and shoes [18]. TPU has exceptional flexibility and is resistant to breakage after
repeated bending and stretching. Nylon has strength, durability, and high melting point of



nylon filaments make them a popular material. They are suitable for making functional parts
where strength and impact resistance are required. The use of nylon filaments in industrial
applications is widespread [19].

A water-soluble material called polyvinyl alcohol (PVA) is used as a substrate for detailed
prints with overhangs. The substrate can be easily removed after printing because it dissolves
in water. PVA is often used in conjunction with PLA filaments [20]. Another soluble
substrate for 3D printing is high-impact polystyrene (HIPS). It can dissolve with limonene
or D-limonene, making complicated compounds printable. ABS filaments are often used
in combination with HIPS. Carbon fiber filaments are polymers in which carbon fibers are
blended with PLA, ABS, or other base materials to increase strength, stiffness, and heat
resistance. Filaments containing carbon fibers are suitable for applications where high-
performance components are required [21]. Filaments made of wood fibers with PLA or
other polymers are called "wood-filled filaments” They can be used to create prints that
have a wood-like texture and appearance. Wood-filled filaments are commonly used in the
arts and crafts world. Filaments with metal fillers such as copper, bronze, or stainless steel
are mixed with PLA or other base materials. They can be used to give a metallic look to

prints [22].

2.1.1 Polylactic acid (PLA)

Polylactic acid (PLA) is a linear aliphatic thermoplastic polymer derived from renewable
raw materials such as corn starch or sugar cane [23, 24]. Polylactic acid (PLA) was first
discovered in 1845 by the French drugstore Theophile-Jules Pelouze through by poly con-
densing lactic acid into low molecular weight PLA (800-5000 g/mol) [1]. In 1932, Carothers
synthesized aliphatic polyesters from lactic acid for the first time [25]. Low molecular weight
and poor mechanical properties characterized the Carothers product. In 1954, a work by
Wallace Hume Carothers at DuPont was patented that improved the product and resulted in
a higher molecular weight aliphatic polyester from lactic acid [26]. However, susceptibility
to hydrolytic degradation led to the abandonment of efforts in this area. In 1972, Ethicon de-
veloped high-strength, biocompatible fibers for absorbable sutures in medicine [23]. These
materials, which are lactic and glycolic acid copolymers, are gradually hydrolyzed in the
body to their constituents. Implants and the release of drugs under regulated conditions are
two other uses, both in the medical industry. However, for cost reasons, polymers were only

used in the medical industry until the late 1980s.
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In the last decade, the development of bacterial fermentation of D-glucose from corn has
opened up the potential for obtaining lactic acid and has been the basis for the development
of a technology that enables the economic production of polylactic acid on a commercial
scale [27, 28]. In the early 1990s, Cargill and Dow Chemical Companies (TDCC) intro-
duced PLA to the market and opened the world’s first PLA plant in Nebraska (Cargill
Dow LLC) [29]. After the acquisition of TDCC by Cargill in 2005, the production facil-
ity was renamed NatureWorks. Today, the main PLA producers are NatureWorks (Ingeo),
Total Corbion (Luminy), Synbra (BioFoam), Futero, Danimer Scientific LLC, Hisun, and
Weforyou [30]. Numerous physical and processing limitations have prevented its widespread
use of PLA and still not a commercial polymer [31]. However PLA had the largest global
consumption volume of any bioplastic in 2021 [32]. In 3D printing, PLA is the most popular
type of thermoplastic filament. This is due to its low melting point, high strength, minimal
thermal expansion, good interlayer adhesion, and high heat resistance in the annealed state.
However, PLA has the lowest heat resistance of the major uncured 3D printing polymers.

PLA has been investigated for use in medical applications due to its biocompatibility,
biodegradability, clarity, high mechanical strength and modulus, and ease of processing by
extrusion, injection molding, or casting [33, 34]. In addition to the use of PLA in medical
applications such as implants, tissue scaffolds and internal sutures [35], it is also used for food
packaging and other consumer products due to its compostability [32] and low toxicity [36],

as well as its environmentally friendly properties [37].

2.1.1.1 Polylactic acid Synthesis

PLA is a member of aliphatic polyesters derived from a-hydroxy acids [38]. Lactic acid, the
monomeric building block of PLA, occurs in two stereoisomers, L. - and D - enantiomers,
which is L-lactic and D-lactic acids having S or or (4) lactic acid and R or (-) lactic acid in
absolute configuration respectively as seen in figure 2.1 [1]. In the past, both chemical syn-
thesis and carbohydrate fermentation have been used to produce lactic acid for commercial
purposes [39]. The most common method for producing these L-lactic and D-lactic acids is
fermentation with the right bacteria [40]. The racemic DL -lactic acid configuration (RS),
which consists of an equimolar combination of D- and L-lactic acids, differs in its prop-
erties from the optically active configuration. Instead of being produced by fermentation,
DL -lactic acid is more easily produced chemically. Both fermentation of carbohydrates

and chemical synthesis can be used to produce L-lactic acid, which is sometimes used to
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synthesize D-lactic acid [41].

Figure 2.1: Structures of L- Lactic, D-Lactic and DL-lactic acids [1]

Currently, the production of PLA polymers may be accomplished via either azeotropic
dehydrative condensation, direct condensation polymerization, and chain formation through
lactide development (figure 2.2) [42]. A high-molecular-weight PLA with a narrow molecu-
lar weight distribution produced using zeotropic dehydrative condensation approach under
relatively mild reaction conditions, in contrast to direct condensation polymerization, which

requires chain coupling agents to produce a high-molecular-weight polymer [43].

Figure 2.2: Synthesis methods for obtaining high molecular weight PLA [2]

The synthetic approach has a number of significant drawbacks, including low capacity due
to dependence on a byproduct of another process, difficulty in producing only the desired L-
lactic acid stereoisomer, and high production costs [44]. The synthesis of PLA involves several
steps [38]: 1) Raw Material Preparation which is typically derived from a sugar source. 2)
Fermentation by microorganisms such as bacteria, the microorganisms convert glucose into

lactic acid through a series of biochemical reactions. 3) Purification of Lactic Acid to remove
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impurities such as water, salts, and residual microorganisms through the process usually
involves distillation, filtration, and other separation techniques. 4) Lactide Formation by
converting purified lactic acid into a cyclic dimer by chemical through a process known as
dehydration or esterification, where lactic acid molecules condense and eliminate water to
form lactide. Catalysts such as tin compounds are often used to facilitate this reaction.
5) ring-opening polymerization of lactide monomers. In this step, the lactide molecules are
heated in the presence of a catalyst, typically a metal-based compound such as tin octanoate.
The catalyst initiates the polymerization reaction, breaking the lactide rings and allowing
them to react with one another to form PLA chains. 6) Molecular Weight Adjustment by
adding specific amounts of chain extenders or initiators during the polymerization process
which the resulting PLA polymer may have a wide range of molecular weights to achieve the
desired properties. 6) Post-Processing done after the desired molecular weight and polymer
properties are achieved, the PLA is typically processed further to obtain the desired form,
such as pellets, fibers, films, or other shapes through as extrusion, injection molding, or

spinning, depending on the intended application [1].

2.1.1.2 Physical and Mechanical Properties of Polylactic acid

Stereochemistry and thermal history directly affect the crystallinity of PLA and thus its
general properties [45]. The degree of crystallinity, i.e., the ratio of crystalline regions to
amorphous portions in a polymer, is a defining characteristic of polymers. Many polymer
properties such as hardness, modulus, tensile strength, stiffness, wrinkling, and melting
temperature depend on crystallinity [46]. The «, /3, and ~ forms are the three structural
configurations considered for the formation of PLA crystals. They are characterized by
different cell symmetries and spiral conformations formed by different thermal and/or me-
chanical treatments [47]. The « form is formed by melt or cold crystallization, the 5 form
by mechanical stretching of the more stable o form, and the v form by the recently observed
formation on a hexamethylbenzene substrate [48].

Conversely, PLA with less than 90% PLLA tends to be amorphous and more crystalline.
The physical properties of PLA, such as density, heat capacity, and mechanical properties,
depend on the glass transition temperature of PLA [49]. Since large changes in the mobility
of polymer chains occur at the glass transition temperature and beyond, this is one of the
most important properties of amorphous PLA. Both the glass transition temperature ( 58°C)

and the melting temperature (130° - 230°C ) are crucial physical quantities that determine
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the behavior of semi-crystalline PLA [50, 51]. Amorphous poly (L-lactic acid) has a density
of 1.248 g/ml, and crystalline poly (L-lactic acid) has a density of 1.290 g/ml [52]. The
concentration of PLLA affects the melting temperature and glass transition temperature of
PLA, which are linearly proportional [45]. In the case of solid PLA, L-lactide, meso-lactide,
crystalline PLA and amorphous PLA have densities of 1.36 g/cm?, 1.36 g/cm?, 1.33 g/cm?
and 1.25g/cm 3, respectively [52].

PLA is a thermoplastic polymer that is stiff, colorless, and glossy, with properties com-
parable to polystyrene. Amorphous PLA is soluble in tetrahydrofuran, chlorinated sol-
vents, benzene, acetonitrile, and dioxane, among others. According to USDA-ARS-NCAUR,
Cargill’s PLA was soluble in benzene, chloroform, 1,4-dioxane, and tetrahydrofuran. 1,1,1,3,3-
Hexafluoro-2-propanol was identified as the most suitable solvent for multi-angle laser scat-
tering [53]. Lactic acid-based polymers are insoluble in water, alcohols (including methanol,
ethanol, and propylene glycol), and unsubstituted hydrocarbons (such as hexane and hep-
tane). At elevated temperatures, crystalline PLLA is soluble in benzene and chlorinated
solvents, but not in acetone, ethyl acetate, or tetrahydrofuran. PLA can be crystallized
by gradual gelling, annealing at temperatures above the glass transition temperature, or
clongational crystallization [45].

PLA mechanical properties include its high tensile strength (50-70 MPa), low elongation
at break (between 1 and 10%), and modulus of elasticity of 3000-4000 MPa [54, 55, 56, 57].
However, the frequent failure of this polymer limits some of its uses. The glass transition
temperature of PLA is 60-70 °C, making it fragile and prone to breakage even at room
temperature [54]. Mechanical alignment can also improve the mechanical properties of PLA
due to the morphological change from a-crystallites to [S-crystallites caused by stretching
PLA [56]. The impact strength of PLA depends on its molecular weight and the Charpy
impact values of 8 and 15 kJ/m? were determined for PDLLA with molecular weights of
78,000 and 108,000 g/mol, respectively [58, 59]. In general, the Charpy impact strength
of PDLLA ranges from 3.5 to 22 kJ/m? for certain molecular weights, while the values of
PLLA range from 10 to 35 kJ/m? [60, 61]. Since PLA is a material with relatively poor
impact strength values, the effects of crystallinity and molecular weight must be considered
for specific applications.

PLA generally has a Rockwell hardness between 70 and 90 on the H scale and 120 on
the L scale [55]. According to various publications, the hardness of semi-crystalline PLLA
is between 82 and 88 H, and that of amorphous PLLA is between 83 and 88 H [62]. Crys-

tallinity has little effect on the Rockwell hardness of the material. However, the influence of
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the glass transition temperature is more significant. Contrasted to other materials, PDLLA
exhibits lower hardness values, ranging from 72 to 78 H. The lower glass transition temper-
ature of PDLLA could be the reason for the lower hardness values of PDLLA compared to
PLLA [62]. PLA stands out among biodegradable polymers for its high modulus of elasticity
and hardness. These properties, which affect the use of this material, are closely related to
its chemical composition. It affects the physicochemical interactions between polymer chains
and reduces the possibility of chain shearing during physical deformation when the polar es-
ter groups are evenly distributed. Therefore, the high hardness of PLA is due to the polar
interactions between the chains and the associated high glass transition temperature [56].
One of the main disadvantages of PLA is that it is heat sensitive and rapidly loses its
molecular weight and thus its mechanical properties. Thermal degradation of PLA partially
starts at temperatures below the melting point temperature value of the polymer, while the
rate of decomposition increases rapidly above the melting point temperature value. The

ester linkages of PLA often deteriorate when subjected to heat treatment or hydrolysis [63].

2.2 Fused deposition modeling process

Fused Deposition Modeling (FDM) combines automated hot air welding of polymer layers,
hot melt bonding, and automated gasket application. In 1989, S. Scott and Lisa Crump, who
later founded Stratasys, filed a patent for a technique known as fused deposition modeling
(FDM), in which a thermoplastic filament or metal wire is heated and extruded in a nozzle.
Computer instructions based on a specific digital model control the deposition of the material.
To achieve excellent adhesion between layers, each layer was maintained at a temperature
just below the solidification point [64]. Stratasys also eventually developed printer systems
and thermoplastics for 3D printing, launching them in 1990 [65].

After the patent of Statasys’ for the technology expired in 2009, a large group of open-
source developers formed the Self-Replicating Rapid Prototyping Initiative. Since its incep-
tion, the price of this technology has dropped by two orders of magnitude, making it the most
popular type of 3D printing. Adrian Bowyer, a lecturer in mechanical engineering at the
University of Bath, started the open-source RepRap movement by developing a 3D printer
based on FDM technology. Bowyer created designs for a self-replicating rapid prototype. He
posted his designs online and invited others to share their better versions [66].

The first printer, Darwin, was launched in 2007, the second, Mandel, in 2009. The

essential metal parts were ideally available at any hardware store, and anyone could download
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these files to build the plastic components for the printer. However, these early printers were
difficult to assemble and occasionally had performance problems. In 2010, Josef Prusa of the
Czech Republic introduced his own invention, the Prusa Mendel. This compressed version
accelerated the development of better printer models. The ultimate goal was to produce
complete printer kits that were easy for customers to use. The first RepRap-based kit
available as a concept was the BfB RapMan, released in January 2009. This was closely
followed by the MakerBot Cupcake CNC in April 2009 and the MakerBot Thing O-Matic in
2010 [66]

FDM is a 3D printing technique that uses thermoplastic continuous filament. As it
indicated in figure 2.3, to print an FDM part, a computer-aided design (CAD) of the part
must first be developed. During printing, the printer reads a series of "sliced” layers from
the stereolithography (STL) file, which is usually exported from the model CAD. Computer-
controlled movement of the print head extrudes filament from a large spool and places it

into the growing workpiece [67, 68].

&$' ORGHO

Figure 2.3: 3D Printing step

Normally, the print head moves in two dimensions, depositing one horizontal layer at a

time, and to start a new layer, the workpiece or print head is moved slightly vertically. In
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addition, the speed of the print head can be changed to interrupt and resume the application,
creating an interrupted layer without threads or drops between components. The main
advantage of FDM is that a wide variety of materials can be printed, as long as they can
be spooled and melted under heat [69]. The filament is typically extruded and spooled in
two standard diameters of 1.75 mm or 3.0 mm. The extruder head must apply pressure to
the material and push it through the orifice. A passive device is usually used to assist in
unwinding the filament.

Fused deposition modeling (FDM) is a complex process that depends on many parameters
[70, 71, 72, 73], as it shown in figure 2.4. In the FDM process, the thermal aspects are in the
foreground [74]. To avoid uneven pressure, the temperature of the nozzle should be adjusted
so that the material in the assembly is completely molten. The printing speed also affects
the heat transfer between the nozzle and the entering material; higher printing speeds mean
shorter heating times and shorter dwell times in the nozzle [75]. Therefore, for machines
where the nozzle temperature can be adjusted, the user should consider adjusting the set
nozzle temperature to account for any changes in material and print speed. Resolution
in FDM is generally inversely proportional to the diameter of the nozzle opening and the
precision of the mechanical axis motion.The build volume differs by up to two orders of

magnitude depending on the printer. Standard desktop devices often have dimensions of

Figure 2.4: FDM-3D printing process parameters

100x100x100 mm?, while free-standing machines are usually 1000x600x1000 mm? [76]. The
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volume of the digital model, the internal fill, the complexity of the features, the orientation
during printing, and the volumetric speed of the material deposition all affect how long it
takes to print a digital model. 50 to 150 mm/s is the normal speed at which an extruder
head moves through the build volume. The number of layers and the number of coating
passes per layer increase if the user chooses a smaller structure size, which also increases the

printing time [77].

2.3 Applied methodologies

Mechanical testing of polymer materials is important to determine the properties of the
material. These properties help us understand the deformation characteristics and failure
modes that can be used in the design and analysis of the final products. Mechanical testing
ensures that the material meets performance requirements according to industrial specifi-
cations, especially in the demanding aerospace, automotive, consumer goods, and medical
industries. Mechanical testing of polymer materials includes the determination of mechani-
cal parameters such as strength, stiffness, elongation, fatigue life, etc. to facilitate their use
in the design of structures [78§].

Several studies refer to existing tensile and flexural strength tests of materials such as
polymers or composites, as there are currently no specific guidelines for evaluating the tensile
strength of additive manufactured products [68]. A recently published paper on the qualifi-
cation and certification process for materials and components used in additive manufacturing
aims to fill this gap in guidance. However, this publication does not develop new standards
specifically for additive manufacturing, but instead cites general qualification methods and
various existing test methods [79, 80].

Despite this lack of guidance, several research studies have examined how various pa-
rameters of the 3D printing process affect the finished printed result. In these studies, the
tensile and flexural strengths of the printed samples were measured using various methods.
The "dogbone” tensile test and the alternative "rectangular” specimen are two methods used
to perform tensile tests. In the flexural strength test, a specimen is positioned between two
points or supports and loaded with either a third point or two points, which is referred to as
the ”3-point flexural” and ”4-point flexural” test [81]. The following sections present several
research studies and their approaches and techniques for determining tensile and flexural

strength, along with possible drawbacks.
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2.3.1 Tensile test methodology

Mechanical testing of thermoplastic materials includes a number of test types and standards.
To date, there are two major industrial tensile testing standards that use the "dogbone”
tensile test: these are ASTM D638 Standard test procedure for tensile characteristics of
plastics and the corresponding standard EN ISO Plastics [82]. The ISO 527 standard consists
of five parts, one of which, EN ISO 527-2, is a "dogbone” specimen with an I or V shape for
molding and extruding plastics and is the most common approach to the ISO 527 standard
used in the additive manufacturing. Compared with the more stringent ISO 527-2 standard,
ASTM D638 provides a wider range of specimens and is more versatile in terms of specimen
shape. However, the specimen dimensions used in both standards are largely the same.

Several studies have used different standards for sample preparation and tensile testing
to measure the effects of 3D printing process parameters on the tensile strength of PLA
materials. In this review of thesis, several authors used different versions and types of
ASTM D638, including ASTM D638- type I adopted by Tymrak et al.[83], Lanzotti et
al.[84], Chacoén et al.[85], Kim et al.[86], Alafaghani et al.[87], Alafaghani and Qattawi, [88],
Grasso et al.[89], Lubombo and Huneault [90], Rajpurohit and Dave [91], Chadha et al.[92],
Ardion, Sukanto and Triyono [8], Xu, Xu and Gao[93], Naveed [94], Pazhamannil, Govindan
and Sooraj [95], Yadav et al.[96], Gunasekaran et al. [97], Samykano[98], Nida Naveed [99]
and ASTM D638 - type V adopted by Bardiya, Jerald and Satheeshkumar [100].

The alternative method, but similar ISO 527-2 approach is adopted by, Zhao, Chen and
Zhou [101], Yao et al. [102], Gabor et al. [103], Rahmati, Heidari-Rarani and Lessard [104].
There is one further studies that have adopted an “dogbone” tensile test specimen, though
have not specifically followed either the ASTM D628 or the ISO 527-2 test methodology
The basic principle of the "dog bone” specimen is that failure always occurs along the gage
length of the specimen, which is also its thinnest part. one of the studies provide information
on specimens that are successfully broken within the specimens gage length. Afrose et
al. [105, 106], However, certain investigations have shown that in some specimens, early
failure occurred near the bending radius, outside the gage length of the specimen. However,
many of the studies did not publish this information, raising the question of whether early

failure occurred at the sample radii and, if so, how this might affect the validity of the results.
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2.3.2 Flexural strength test methodology

Standard test procedures have been developed for flexural strength testing by several national
and international standards organizations, and their details vary from company to company,
although some allow for a wide range of possibilities while still being very accurate. Some of
the current recommended test methods have been developed specifically for thermoplastic
materials, among American Society for Testing and Materials (ASTM) which is known in-
ternational standard. Flexural tests use flat rectangular specimens of constant cross section,
and the tests are performed on simply supported beams. The two most common methods
for determining the flexural properties of thermoplastic materials are the three-point and
four-point tests [107].

Several authors adopted different flexural test methods and standards, including the
ASTM D790 method, for flexural strength testing of FDM-3D-printed PLA specimens for
various combinations of process parameters which is adopted by Chacoén et al.[85], Lubombo
and Huneault [90], Chadha et al.[92], Ardion, Sukanto and Triyono [8], Bardiya, Jerald and
Satheeshkumar[100], Gopi Mohan et al.[108]. The three-point bending test was used to
assess the flexural strength, according to ISO 178-2019 Plastics by Gabor et al.[103] and
Flexural strength testing as per ASTM D5943 carried out by Gunasekaran et al.[97].

2.4 Relevant Controllable Parameters of Fused Depo-
sition Modeling

3D printed objects are built layer by layer through a series of cross-sections, a method of
additive manufacturing [13]. The most typical applications for 3D printing are those that
require rapid printing, challenging materials, small part sizes, and low production volume
[10]. In addition to the properties of the raw material, printing technology also has a major
influence on the mechanical properties of parts produced using fused deposition modeling
(FDM). Proper processing settings are essential to printing high-quality parts with accept-
able mechanical properties [12]. Therefore, it’s crucial to understand which of these factors
are critical so that their values can be carefully selected, especially those that are most preva-
lent in the literature reviewed. In the following subsections, the most important parameters

considered in this thesis are reviewed.
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2.4.1 Layer thickness

Layer height controls the height along the vertical axis taken before extruding a new layer
over the previous layer [109]. According to Tymrak et al. [83] the tensile strength of 3D-
printed PLA changed by an average of 11.9 MPa or 22% between 0.3 mm and 0.2 mm layer
thickness (layer height), while the elastic modulus varied by 194 MPa, or 6%, between 0.4
mm and 0.2 mm layer height. Chacon et al. [85] studied the effect of layer thickness on the
UTS of PLA samples, considering four different layer thickness: 0.06mm, 0.12mm, 0.18mm,
and 0.24 mm. In this study, filament feed rate (see section 2.4.4) and print orientation (see
section 2.4.2 ) were also considered. A greater layer thickness increases UTS at all feed rates
tested in the upright build orientation, which has a much lower UTS than the on-edge or
flat build orientation. At the lowest feed rate (20 mm/s), a greater filament layer thickness
has no effect on UTS for the on-edge and Flat build orientations; however, at the higher
feed rates (50mm/s and 80 mm/s), a greater filament layer thickness results in a decrease in
UTS. The sample printed at 0.06 mm thickness exhibited the strongest strength properties
in the flat build orientation.

The effect of layer thickness on the mechanical properties of PLA samples is also studied
by Alafaghani et al. [87] who consider four layer thicknesses: 0.03mm, 0.1mm, 0.25mm, and
0.4 mm. In this study, building orientation (section 2.4.2), printing speed (section 2.4.4),
extrusion temperature (section 2.4.4), and filling pattern (section 2.4.4) are also investigated.
The results of the study show a slight improvement in tensile strength and modulus of elastic-
ity with increasing layer thickness and a decrease in yield strength when the layer thickness
is increased from 0.30 mm to 0.40 mm, but there is no clear correlation in deformability, i.e.,
in the variety of results. In addition, Alafaghani et. [88] in his study on layer thicknesses
(0.2mm, 0.3mm, 0.4mm), found that a layer thickness of 0.30 mm optimizes the stiffness and
tensile strength of the parts, while greater layer thicknesses are required for higher ductility.

Rajpurohit et al. [91] investigated on how the raster angle (section 4.3), layer thick-
ness, and raster width affected the FDM’s tensile strength. Results investigation of printed
PLA components revealed that the tensile strength can be increased by widening the grid
and decreasing the layer thickness. In addition, Xu et al. [110] varied the layer thickness
(0.1 mm, 0.2 mm), filling density, extrusion temperature (Section 2.4.4), and raster angle
(Section 2.4.3) of the PLA samples and investigated the changes in mechanical properties
(tensile strength, yield strength, elastic modulus, elongation at break, and toughness). It

was found that the thinner layer thickness (0.1 mm) exhibited the highest tensile strength,
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yield strength, and modulus of elasticity. However, the larger interlayer thickness (0.2 mm)
gave the best results for elongation at break and toughness.

According to the study by Yadav et al.[96] the mechanical properties of polylactic acid
(PLA)-based 3D-printed parts were investigated at different layer thicknesses (0.2 mm, 0.3
mm, 0.4 mm), and it was found that 0.2 mm has the highest tensile strength, which means
that the mechanical strength is higher at low thicknesses. In addition, the tensile strength
of the test specimens in the Pazhamannil, Govindan and Sooraj [95] study, decreased with
increasing layer thickness. Furthermore, according to Zhao, Chen, and Zhou [101] the tensile
strength and elastic modulus of FDM 3D-printed PLA material decrease when the layer
thickness is increased. The same relationship between UTS and layer thickness was found
by Yao et al. [102] for polylactic acid (PLA) 3D printing materials. Rahmati, Heidari-Rarani
and Lessard [104] adopted the same parameters with Zhao, Chen, and Zhou [101] and Yao
et al.[102] studied UTS and in-plane shear strength. The authors found that UTS decreases
with increasing layer thickness, and the shear strength of the sample decreases slightly with
increasing thickness.

Yao et al. [111] studied effects of several layer thicknesses on the ultimate tensile strength
of PLA, including 0.1mm, 0.2mm, and 0.3 mm, with raster angles (section 2.4.3). The results
showed that the tensile strength of materials decreases as layer thickness rises. Liu et al.
[112] investigated the mechanical properties of PLA shells fabricated by fused deposition
modeling in 5 different layer thicknesses (test), including 0.1 mm, 0.2 mm, 0.3 mm, 0.4
mm, and 0.5 mm. The result showed that with increasing PLA printing layer thickness,
the flexural and tensile strength decrease, the printing dimensional stability decreases at 0.5
mm, and the printing time decreases sharply. Samykano [98] study examined the effects of
layer thickness (0.1mm, 0.2mm, 0.3 mm) on UTS, fracture strain, modulus of elasticity, yield
strength, and toughness. The study found that fracture strain, modulus of elasticity, and
toughness showed an increasing trend with film thickness, while the highest UTS occurred at
a lower layer thickness (0.1 mm), and the effect of layer thickness on yield strength showed
no legitimate trend.

Wang et al. [9] studied the effects of fused deposition modeling process parameters namely
printing angle, layer thickness, fill rate and nozzle temperature section (2.4.4) on the on
the tensile properties and dynamic mechanical properties of printed materials from PLA
filament. According to Wang et al. layer thickness has a great influence on tensile strength
and elongation at break and the elastic modulus, tensile strength and elongation at break it

decrease with the increase of the layer thickness. However According to Chadha et al.[92],
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the tensile and flexural strengths of PLA specimens increase with increasing layer thickness.
Bardiya, Jerald, and Satheeshkumar [100] investigated the effects of three layer thicknesses,
including 0.1 mm, 0.2 mm, and 0.3 mm.The authors found that with a higher layer thickness,

both the flexural and tensile strength increased.

2.4.2 Building orientation

The build orientation, sometimes referred to as the printing direction, is one of the most
important factors that can affect how much stress is transferred between filaments and
surfaces. Figure 2.5 (the length and thickness of specimen considered with reference bed
ordinate) shows the different build directions of the samples in the FDM machine as a
function of the angle and coordinate. The effectiveness of this parameter with respect to
the lay-up direction of the extruded filaments and orientation angle respect to bed of the
printer coordinate system in which it can vary depending on the different mechanical tests
and the subsequent application of the load. Orientation can also have a major impact on

the finished surface and print time.

Figure 2.5: Different building orientation

In the work of Afros et al. [105] the influence of build orientations on tensile strength
properties was investigated by fabricating PLA specimens on the surface build plate in three
different build directions (X-direction, Y-direction, and 45 degree (6 = 45°)). According to
the findings, compared to the Y and 45 degree orientations, the X orientation has a tensile
stress of 38.7 MPa and a tensile modulus of 1535 MPa, which is 60 to 64% of the tensile

stress of the injection-molded PLA material.
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Torres et al. [113] studied the effects of three building orientations—Flat, Upright (ZY-
upright), and Onedge—on tensile properties for different combinations of process parameters
such as printing temperature (215 °C, 230 °C), printing speed (60 mm/s, 120 mm/s), filling
direction (0°/90°, 45°/135°) and layer thickness (0.1 mm, 0.3 mm). The study showed that
the tensile strength of the three building orientations is very different and that the on-edge
orientation has the lowest probability of failure in the tensile test. The effect of three build
orientations on the UTS of FDM-printed PLA material is also considered by other authors
named Chacon et al. [85] in this study, it was found that the tensile strength of flat-printed
and onedge-printed specimens is equivalent, with both being significantly stronger than
upright specimens. These specimens often have twice the UTS of upright printed specimens.

Kim et al.[86] investigate how build orientation affect tensile strength. In this study, the
x-direction and the 45° direction were first selected as the build directions, were selected
for the specimens. According to the author, the specimen in the x-direction has a higher
tensile strength than that in the 45° direction. Alafaghani et al. [87] consider the three
build directions (x-direction, y-direction, and z-direction (ZY-upright)) for PLA samples,
as well as different layer thicknesses, printing speeds, extrusion temperatures, and filling
patterns, as shown in other sections. The build direction indicates the normal vector to
the printed layers, with the z-axis as the reference. In this study, it is found that the
tensile strength and yield strength are lower when using the X build direction than when
using the Y or Z build directions and have maximum values. Zhao, Chen, and Zhou [101]
investigated the mechanical properties of additive manufactured FDM-PLA by varying the
printing orientation ( building orientation including: 0°, 15°, 30°, 45°, 60°, 75°, 90°) angle
(B) between Z-axis and layer thickness (Section 2.4.1). In this study, the tensile strength
and elastic modulus were found to increase with increasing print orientation. The printed
material with a print orientation of 90° with 0.1mm layer thickness has the highest tensile
strength of 49.66 MPa, while the printed material with a print orientation of 0° with 0.3mm
layer thickness has the lowest tensile strength of 19.16 MPa. The same relationship between
UTS and printing intention was witnessed by Yao et al. [102] for polylactic acid (PLA) 3D
printing materials. Rahmati, Heidari-Rarani, and Lessard [104] used the same parameters,
Zhao, Chen, and Zhou [101] and Yao et al. [102] studied UTS and in-plane shear strength
and found relatively the same result, namely, the lowest UTS for FDM PLA specimens was
observed for specimens with 0° building orientation (19.16 MPa), while the 90° building
orientation had the highest UTS (55.86 MPa).

Gabor et al.[103] investigated the mechanical properties of PLA specimens fabricated on
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an FDM machine as a function of building orientation. The specimens in this study were
positioned in edge (angle 3 ) and flat (angle a ) with building orientation of 0°, 15°, 30°, 45°,
60°, and 90°. The results show that for both flat-printed and edge-printed specimens, the
best behavior is obtained at a construction angle of 0 degrees, while specimens constructed
at an angle of 90 degrees have the lowest tensile strength. Accordingly, a value of 45 MPa
is obtained for the ultimate tensile strength of the flat-printed specimens at an orientation
angle of 0 degrees, and the values drop to 21.5 MPa as the orientation angle increases from
0° degrees to 90° degrees and the same trend with edge printed specimen.

Bardiya, Jerald and Satheeshkumar [100] investigated the effects of three controllable
variables on the tensile and flexural strength of polylactic acid (PLA) parts printed with
FDM. In this experimental study, layer thickness (Section 2.4.1), build orientation (angle /3
with respect to Z) include 0°, 30° and 60°, and infill (Section 2.4.4) were selected. The results
show that part orientation has a small effect on tensile strength. For the flexural specimens,
an increase in orientation resulted in an increase in flexural strength, with a slightly lower

flexural strength for a 60° orientation than for a 30° orientation.

2.4.3 Raster angle

Raster angle is the angle of the raster tool path deposited with respect to the x-axis of
the bed of the 3D printer. Tymrak et al. [83], investigated the tensile strength of PLA
samples produced with "RepRap” printers at 0°/90° and 45°/-45° raster angles. Although
the highest value were obtained with a 0°/90° raster angle, there was very little difference in
tensile strength between these two specified raster angles. Sood et al.[114] use a completely
different testing method: instead of printing samples to specific dimensions, they print 100%
solid PLA blocks and then process the test samples from these blocks. The dogbone tensile
specimens are machined, but in this case, they are not manufactured to meet a specific tensile
test criterion. Three different raster angles are used when printing the original blocks: 0°,
90°, and 45°. Additionally, the typical injection molded samples are compared to these
FDM printed PLA samples. In this study, two different strain rates were investigated, and
for both strain rates, the specimens with a raster angle of 45° had the maximum UTS. The
greatest difference was found at the high strain rate, where the 45° raster angle specimen
were 32.8% stronger than the 90° raster angle specimen, which were the weakest. Contrary
to predictions, the 45° and 0° raster angle specimens were 24.2% and 11.0% stronger than

the injection molded specimens at the higher strain rate, respectively. All three raster angle
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orientations resulted in specimens with higher strength than the UTS of the injection-molded
specimens at the lowest strain rate tested.

Using PLA material, Letcher et al. [115] investigated the effects of three raster angles (0°,
45°, and 90°) on tensile and flexural strength and found that the raster angle of 45 degrees
gave the strongest tensile and flexural strength. In another study, 3D PLA devices were
fabricated with five different raster angles (0°, 30°, 45°, 60°, and 90°) and tested for tensile
strength. The study found that the 45°and 90° degree raster angles yielded specimens with
higher strength [116]. However, Rajpurohit and Dave [91] claim that in their study of the
effects of raster angle (0°, 30°, 45°, 60°, and 90°) and raster width (0.1mm, 0.15mm, 0.2mm,
0.25mm and 0.3mm) on tensile strength, the highest tensile strength was found at a raster
angle of 0°, while the lowest tensile strength was found at a screen angle of 90°. According
to Xu et al. [110] the influence of different raster angles, including 0°/90° and 45°/-45°, on
the mechanical properties shows the best results for tensile strength and yield strength at a
raster angle of 0°/90°.

Samykano [98] investigated the effects of raster angle on the mechanical properties of
polylactic acid (PLA) printed using FDM technology with raster angles of 40°, 60°, and
80°. The author found that the maximum elastic modulus, maximum tensile strength, and
maximum toughness were each achieved at a raster angle of 80°. In contrast, there is no
discernible trend in the resulting fracture strain at the break for the raster angles. In the
study by Nida Naveed [99], two raster angles (0°/90°) and (45°/-45°) were investigated with
PLA and tough PLA material, and it was found that the raster angle (45/-45) provided
better material strength compared to the other raster angles. According to Gopi Mohan
et al. [108] study mechanical strength tests for flexural, compression, and impact showed
that specimens printed with a +45°/-45° slope had significantly higher mechanical strength
values than specimens printed with a 0/90 raster angle. This comparative study shows the

potential benefits of using a +45° or -45° raster angle for parts produced with FDM.

2.4.4 QOther Variables

In FDM printing, there are many process factors that can be changed and affect the me-
chanical properties. The most common factors studied in this document were discussed in
Sections 2.4.1, 2.4.2, and 2.4.3. The next section will cover various factors that affect the
mechanical properties of the printed samples, such as print temperature, print speed, fill

rate, fill pattern, and nozzle size.
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Various authors have studied the effects of the combination of parameters in the 3D
printing process on the mechanical properties of printed material manufactured from PLA
filaments. Among Kim et al. [86] investigate how fill rate and material type affect tensile
strength, along with building orientation (discussed in Section 2.4.2). In this article, a fill
rate of 50% and 100% and two materials, ABS and PLA, were selected for the specimens.
According to the author, the specimen with a filling ratio of 100% has a higher tensile
strength than the specimen with a filling ratio of 50%. In addition, studies show that PLA
has a higher tensile strength than ABS. Alafaghani et al. [87], studied the effects of printing
speed (90mm/s, 70mm/s, 120mm/s, and 170 mm/s), extrusion temperature (185°C, 175°C,
180°C, and 205°C), and filling pattern (diamond F, diamond, linear, and hexagonal) along
with build orientation and layer thicknesses on mechanical properties. The results showed
that an increase in the fill percentage led to an improvement in the mechanical properties,
as more material was available to withstand the loads applied by the tractor. The printing
speed or the filling pattern had little effect on the mechanical properties. The improved
melting within and between the extruded layers is the reason for the higher mechanical
properties with increasing temperature.

In another study, Alafaghani et al. [88] used Taguchi’s L9 DOE to investigate the effects of
FDM processing parameters on the mechanical properties and dimensional stability of FDM
specimens.The parameters included extrusion temperature (190°C, 200°C, and 210°C), fill
pattern (rectangular, triangular, and hexagonal), and fill ratio (20%, 60%, and 100%) along
with layer thickens (section 2.4.1). The author found that lower extrusion temperatures,
lower fill ratios, and hexagonal fill patterns are required for improved dimensional accuracy
of FDM parts, while higher extrusion temperatures result in higher stiffness, strength, and
ductility of the parts. The best stiffness and strength, but the lowest ductility, are achieved
with hexagonal filler patterns.The stiffness and strength of the specimens increased approx-
imately linearly as a function of the filling percentage. In contrast, the filling percentage
had no influence on the ductility. Five different fill patterns—hexagonal, triangular, square,
square-diagonal, and reinforced square-diagonal—were used in the study by Lubombo and
Huneault [90] to investigate the tensile and flexural properties of cellular 3D-printed compo-
nents with one to three circumferential shells and three fill densities—15%, 30%, and 50%.
The results show that for the same number of circumferential shells, a different fill pattern
can increase stiffness by up to a factor of 2 and strength by up to 82% at the same density.
At the same density, adding perimeter shells with the same filling pattern increases stiffness

and strength by up to a factor of 2 and up to 84%, respectively.
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Zhou et al. [117] investigated mechanical behavior of polylactic acid manufactured parts
under tensile conditions, in case that the printing pattern and infill density had substantial
effect on ultimate tensile strength, weight ratio and the modulus of elasticity of printed
components. Chadha et al. [92] varied the layer thickness (Section 2.4.1), filling pattern (grid,
triangle, and honeycomb), and bed temperature (40°C, 60°C, and 80°C) of PLA samples to
investigate their effects on tensile and flexural strength. It was found that with increasing
bed temperature, tensile and flexural strength first increased and then decreased. Among
the filling patterns, triangular and honeycomb patterns showed better tensile and flexural
strength. Valerga et al. [118] investigated the effects of printing temperature, humidity,
and wire color on the mechanical properties of PLA, and the results revealed that a higher
printing temperature increases the deviation of the product size and decreases the tensile
strength, while the deviation increases significantly when the printing temperature exceeds
200°C.

Hsueh et al. [3] investigated the effect of printing temperature and infill rate on tensile
strength and hardness of FDM-printed PLLA components using tensile and Shore D hardness
tests. Increasing the infill rate or printing temperature, according to their results, could sig-
inficantly improve the material’s longitudinal elastic modulus, ultimate strength, elasticity,
and Shore hardness. Xu et al. [110] investigated the influence of 3D printing parameters
such as fill density (60%, 40%, and 60%), extrusion temperature (200°C and 220°C), raster
angle (Section 2.4.2), and layer thickness (Section 4.1) on the mechanical properties (ten-
sile strength, yield strength, Young’s modulus, elongation at break, and toughness) of PLA
samples. The study showed that with each reaction, the density of the filling also increased.
Tensile strength, yield strength, and modulus of elasticity were observed at the higher ex-
trusion temperature (220°C), while the best results for elongation at break and toughness
were observed at the lower extrusion temperature (200°C).

In Pazhamannil, Govindan, and Sooraj.[95] study, they conclude that nozzle temperature
(200°C, 210°C and 220°C), filling speed (60mm/s, 65mm/s and 70mm/s) and film thickness
(section 2.4.1) have an impact on the process parameters. When the die temperature in-
creases, the tensile strength increases significantly, and the filling speed has no influence on
the tensile strength. Yadav et al.[96] investigate the effects of parameters on the mechanical
properties of 3D printed polylactic acid (PLA) parts. The study was conducted with input
parameters such as fill density (60% and 90%), annealing temperature (80 °C and 120 °C),
and film thickness (Section 4.1). It was found that a fill density of 90% has a higher tensile

strength than a density of 60%, with a slight decrease in yield strain. In this study, it was
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also mentioned that annealing the specimen increases the UTS but decreases the yield strain
and the total energy. In addition, the experimental work of Bardiya, Jerald, and Satheeshku-
mar [100] examined the effects of layer height (Section 4.1), part orientation (Section 4.2)
and filling (20%, 50%, and 80%) on tensile and flexural strength of polylactic acid (PLA)
parts printed with FDM, and the results of the study showed that the material deposition in
the specimens increased by increasing the filling from 20% to 80% and both strength values
showed an increasing trend.

Tang et al [119] investigated the impact of printing temperature and printing speed on
tensile strength of 3D printed PLA lattice structure. The experimental results show that as
the printing temperature increases, the tensile strength and elastic modulus tend to rise first
and then decrease. When the printing temperature is 230°C, the maximum tensile strength
is 50.16 MPa, and the tensile elastic modulus is 4340.38 MPa. While the yield strength,
plastic platform stress and densification strain of lattice structures show a downward trend.
As the printing speed increases, the tensile strength and elastic modulus show an upward
trend, and when the printing speed is 60 mm/min, the tensile strength and elastic modulus
are 51.47 MPa and 5102.12 MPa respectively. Moreover, the yield strength, plastic platform
stress of lattice structures show a downward trend, densification strain show an upward
trend. In addition Wang et al. [9] revealed that when the nozzle temperature is too low, due
to the poor fluidity of the extruded material, it cannot adhere well to the deposited material,
which often leads to unsuccessful printing and when the nozzle temperature is too high, the
elastic modulus and tensile strength of the material decrease slightly, and the elongation at
break decreases rapidly.

Gunasekaran et al. [97] investigated the hardness, tensile strength, impact strength, and
flexural strength of printed PLA materials at different infill densities of 25%, 50%, 75%, and
100%. The results showed that as the infill density increased, the mechanical properties of
the printed PLA samples also increased. The value UTS for the PLA sample printed at 100%
infill density was 53 MPa, compared to the values UTS for the samples prepared at 25%, 50%),
and 75% infill densities, which were 39 MPa, 43 MPa, and 47 MPa, respectively. The printed
PLA samples with a infill density of 100% had a flexural strength of 53 MPa, while the PLA
samples with infill densities of 25%, 50%, and 75% had values of 42 MPa, 46 MPa, and 49
MPa, respectively. According to Ansari and Kamil [120] study on dimensional accuracy and
build time in FDM 3D printing of PLA parts, extrusion temperature and printing speed have
a great influence, i.e., lower printing speeds and higher extrusion temperatures were found

to have small dimensional deviations. High printing speeds were used to achieve maximum
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tensile strength. The study also found that the minimum build time was observed at the
higher printing speeds, that it was probably inversely proportional to the printing speed,
and that it did not depend significantly on the extrusion temperature.

Samykano [98] investigated the mechanical properties of FDM 3D-printed polylactic acid
(PLA) using a range of process variables such as infill density (20%, 50%, and 80%), layer
thickness (Section 2.4.1), and raster angle (Section 4.3). It was found that samples printed
at 80% infill density had highest UTS values (35.61776 MPa), elongation at break values
(0.08012 mm/mm), elastic modulus values (277.54950 MPa), the yield strength (26.08233
MPa), and toughness values (1.82228 J/m?) than samples printed at lower infill densities.
In Nida Naveed [99]study three infill speeds (printing speeds), including 35 mm/s, 50 mm/s,
and 65 mm/s, were investigated with PLA and tough-PLA material, and it was found that

the value of breaking strength decreases with increasing infill speed.

2.5 Research gap

Previous research has investigated the effects of some process parameters of 3D printing
technology, and it was found that the printing parameters strongly influence the 3D printed
product. The most influential parameters are layer thickness, raster angle, build orientation,
air gap, fill density, raster width and nozzle diameter. In addition, some parameters can
affect part strength, print time and cost. However, few studies have been conducted, such
as the gride type (alternative type) of raster angle and the very small layer thickness. When
the layer thickness changes, the tensile and flexural strength increase in some studies, while
they decrease in others. In addition, none of the studies that addressed the effects of fused
deposition modeling process parameters showed the performance of the printed PLA speci-
mens at different stages of the tensile stress curve in the tensile test. Therefore, the present
work investigated the relationship between the parameters of the 3D printing process and the
mechanical properties. This work showed the effects of very thin layer thickness, alternative
raster angle, and different build orientation on the tensile and flexural strength of PLA parts
fabricated by the fused deposition modeling 3D printing process. To show the effects of the
parameters of the fused deposition modeling 3D printing process on the performance of the
specimen under test, the image of the specimen during the tensile test was captured using

high-speed infrared imaging.
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Chapter 3

Methodology

3.1 Material for research

A typical use of 3D printing technology is the production of components, such as functional
designs with complex geometry and prototypes [121]. The fused deposition modeling (FDM)
process is commonly used to produce 3D printed parts that involve layering many layers
of extruded thermoplastic filaments. Liquid polymers, especially those with low melting
temperatures, are widely used for 3D printing due to their accessibility, light weight, and
processing flexibility [122]. In this work, active PLA material with a size of 1.75 mm and a
sky blue color was used for the tensile strength tests, which were developed by Copper 3D
as shown in Figure 3.1b, while PLA material with a size of 1.75 mm and an ocean blue color
was used for the flexural strength tests, which came from Devil Design as shown in figure

3.1a. Typical values of main mechanical properties are reported in Table 3.1 [73].

Table 3.1: PLA physical and mechanical properties

S.No | Properties Nominal value Units

1 Specific gravity (23°C) 1.24 to 1.26 g/cm?

2 Melt mass-flow rate (MFR) at (210°C/2.16 kg) 6.0 to 78 g/10min
3 Tensile modulus (23°C) 2020 to 3550 MPa

4 Tensile strength yield (23°C) 15.5 to 72 MPa

5 Tensile strength break (23°C) 14 to 70 MPa

6 Tensile Elongation yield (23°C) 9.8 to 10 %

7 Tensile elongation break (23°C) 0.5 to 9.2 %

8 Flexural modulus (23°C) 2392 to 4930 MPa

9 Flexural strength (23°C) 48 to 110 MPa

A Polylactic acid (PLA) filament used in this work which have properties of a biodegrad-
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ability and bio-based thermoplastic polymer. It is derived from renewable resources and
other plant-based materials. addition PLA is known for its environmental friendliness, as
it has a lower carbon footprint compared to traditional petroleum-based plastics and anti-

bacterial properties and its detail properties described in table 3.1.

Figure 3.1: a) PLA filament devile design b) PLA active developed by copper 3D

3.2 Selecting relevant controllable Printing process pa-
rameters

3D printing is an additive manufacturing technology that constructs objects layer by layer
through a succession of cross-sectional slices [13]. 3D printing is most commonly utilized in
applications with low production numbers, small part sizes, complicated and print numerous
materials rapidly. In addition to the raw material, the printing process also has a significant
impact on the mechanical performance of parts produced with FDM. In order to print
high-quality parts with acceptable mechanical properties, the correct processing settings are
crucial [12]. Examining how inputs, printing settings, and output factors affect the final

product’s quality is crucial.

Table 3.2: Selected property of PLA for 3D printing experimental investigation

S.No| Name of parameters Typical value
— 0 +
1 Layer thickness 0.08mm 0.16mm 0.24mm
2 Building orientation F O U
3 Raster angle (6°) 0°/90° 30°/-60° 45° /-45°

where F = Flat orientation, O = On-edge orientation and U = Upright orientation of

the sample while printing.
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The controllable input parameters which critical process parameters in 3D printing se-
lected based on based the research gap found by reviewing the influence of process parame-
ters on mechanical property of the object PLA material for thesis thesis were layer thickness
(mm), building orientation, and Raster angle (deg). The selected controllable FDM process

parameters used in this work are summarized in table (3.2).

Table 3.3: Common input parameters

S.No| Name of parameters Typical value Unit
1 Extrusion temperature 210 (°)

2 Bed temperature 60 (°)

3 Printing speed 60 mm/s
4 Nozzle diameter 0.4 mm

5 Number of shell 1

6 Infill pattern Zig Zag

7 Fan speed 100 %

Layer thickness term refers to the amount of material applied in a single pass along the
vertical axis of the FDM machine, as shown in the figure 3.2. The amount of material applied
is always less than the nozzle diameter of the extruder. The nozzle diameter of the extruder is
the only determinant of this property. To investigate the effects on the mechanical properties
of the object printed by the FDM process, three different layer thicknesses of 0.08 mm, 0.16
mm, and 0.24 mm were considered. The layer thickness was measured with increasing height

direction (Z-axis direction) (Figure 3.2).

Figure 3.2: Layer thickness

In addition building orientation is explains how the component is changed on the build
platform with respect to the machine tool’s three main axes, X, Y and Z axis. Three design

orientations were investigated in figure 3.3: Flat (F), On-edge (O), and Upright (U), where
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the layers are formed along Z-axis direction and the melt filament is deposited in the same

direction as the Z-axis direction.

Figure 3.3: Building orientation for tensile test

Furthermore, the raster angle indicates the direction of material deposition along the
X-axis on the build-up surface of the FDM machine used, as shown in the figure 3.4. The
raster angle varies in this work to investigate its effects on the properties of the FDM printed

object. Such raster angle values are 0°/90°, 30°/-60° and 45°/-45°.

Figure 3.4: Raster angle

Table 3.4, indicated twenty-seven (27) different combinations of controllable process pa-
rameters were prepared including layer thickness varies between 0.08 mm, 0.16 mm, and 0.24

mm, raster angle, which has variable values such as 0/90, 30/-60, and 45/-45 and build ori-

Master Thesis 2023 30



entation have a flat build orientation categories, on-edge orientation categories, and upward
orientation categories. The influence of the three parameters is arranged by Taguchi Loy
orthogonally on three levels to create an experimental design matrix. Each set of specimens
consisted of five specimens for a given set of process parameters, resulting in a total of 135

specimens for each of tensile test and flexural test.

Table 3.4: Control parameters combination

Std order Parameters
Layer thickness (mm) | Building orientation | Raster angle (degree)
1 0.16 0 45/-45
2 0.16 F 30/-60
3 0.16 O 30/-60
1 0.16 U 0/90
5 0.08 U 0/90
6 0.16 O 0/90
7 0.08 F 15/-45
8 0.16 U 45/-45
9 0.24 ) 30/-60
10 0.24 0 0/90
11 0.16 F 15/-45
12 0.24 F 30-/60
13 0.08 U 45-/45
14 0.16 F 0/90
15 0.08 F 30/-60
16 0.08 F 0/90
17 0.16 U 30-/60
18 0.24 U 15/-45
19 0.08 O 30/-60
20 0.24 U 0/90
21 0.08 U 30/-60
22 0.24 0 15/-45
23 0.24 U 30/-60
24 0.24 F 0/90
25 0.08 0] 45 /-45
26 0.24 F 15715
27 0.08 O 0/90

where F' = Flat orientation, O = On-edge orientation and U = Upright orientation

3.3 Sample preparation

A three-dimensional solid (3D printed model) is created with an FDM 3D printer using a

digital model as it indicated in Figure 3.5 [5]. It consists of a multi-axis robotic arm and 3D
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printing equipment. Fused Deposition Modeling (FDM) is a popular 3D printing technology
that falls under the category of material extrusion. It is one of the most widely used and
accessible 3D printing techniques.The part consists of a nozzle that applies filament, which is
then melted by an energy source [123]. Specimen preparation began with modeling the spec-
imen geometry, which was developed using Computer Aided Design software (SolidWorks
2021) based on the shape and dimensions of the specimen used for testing, which was de-
signed for tensile testing according to ISO -527-2 Type 5A [124], and the specimen geometry
is 115x6 x3.2 mm, as shown in Figure 3.7. For the bending test, the specimen was designed
for testing according to ISO 178 [125] , a test method for determining the flexural properties
of reinforced and unreinforced plastics, and the specimen geometry is 127x12.70x3.2 mm, as
shown in Figure 3.7. Subsequently, the data was saved in a Standard Tessellation Language
(STL) format, which is a faceted approximation of the model. The STL file of the model is
then preprocessed using the FDM software. Ultimate Cura 5.2.1 software for tensile testing

and Ultimate Cura 4.8.0 software for flexural strength testing were used to preprocess the

imported STL file.

Figure 3.5: 3D Scheme of Fused Deposition Modeling (FDM) process

The Ultimate Cura 5.2.1 version for tensile test and Ultimate Cura 4.8.0 version is an
open source software and the Simplify 3D slicing software were used to generate G-code
files and to command and control the 3D printer for the fabrication of the desired parts.
Several key steps are performed in the slicer based on the selected combination of process
parameters, including determining part orientation on the build volume, slicing into thin

horizontal layers, selecting various FDM parameters, and creating supports.
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Figure 3.6: SolidWorks drawing which shows dimension of specimen for tensile test in (mm)
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Figure 3.7: Dimension of the specimen for flexural strength test in (mm)
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PLA sample were manufactured using Ender-5 pro 3D printer (Fifure 3.8) which is found
in laboratories of material science of the Silesian university of technology in Gliwice. Ender-5
pro printer is a low cost desktop printer that use PLA material. the detail of the properties

of the Ender- pro printer presented in table (3.5).

Figure 3.8: Ender - 5 pro

Table 3.5: 3D printer properties

S.No | Printing specification Values or description

1 Print technology Fused deposition modeling
2 Number of extruder 1

3 Nozzle temperature 250°C

4 Working table temperature 100°C

5 Screen LCD Panel

6 Layer resolution 0.05-0.4mm

7 nozzle diameter 0.4mm

8 Filament Diameter 1.75mm

9 Print Size 220x220x300mm

10 build speed 40 to 60 mm/s

11 Supported filament PLA, ABS, gradient, etc
12 Supply voltage from 115 V to 220 V (AC - mains)
13 Mass 11.8 kg

The ISO/ ASTM 52900 standard fused deposition modeling (FDM) is one type of the 3D
printing which have advantages that raw materials are easy to handle and replace, various
materials can be selected, with no warpage and deformation of printed parts, materials
have excellent strength and toughness [123]. The printing process begins with a spool of
thermoplastic filament, i.e. PLA material. The filament is fed into a heated extrusion nozzle

called a "print head.” The print head moves in a controlled manner, melting the filament
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and applying it layer by layer to a build platform. The melted material quickly solidifies and
bonds with the previous layers to form a three-dimensional object. FDM printers typically
consist of several components, including a build platform, a print head, a filament-feeding
mechanism, and a control system. The printer reads a digital 3D model file and converts it
into a series of instructions that control the movement of the print head and the extrusion of
the filament. The shortcomings of FDM is that the forming speed is slow, the raw material

price is expensive, and the nozzle is easy to block [119].

Figure 3.9: Dogbone type printed PLA specimen for tensile test

Figure 3.10: Rectangular type printed PLA specimen for flexural test
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For flexural test specimen preparation the Printo H3 3D printer shown in Figure 3.11,
employed which have a 0.4mm nozzle diameter was used to fabricate specimen and its detail

properties presented in table (3.6).

Figure 3.11: Printo H3 printer

Table 3.6: 3D printer properties

S.No | Printing specification Values or description

1 Print technology Fused deposition modeling
2 Number of extruder 1

3 Screen LCD Panel

4 Layer resolution 40-400 microns

5 nozzle diameter 0.4mm

6 Filament Diameter 1.75mm

7 Print Size 200x200x205mm

8 build speed 50 - 200 mm/s

9 Supported filament PLA, ABS, gradient, etc
10 Supply voltage from 24VDC@ 8.33A -200w
11 Average energy 110W

12 Electronic 8 bit

3.4 Printing accuracy and precision

The accuracy of 3D printing is determined by how closely the dimensions of the measured
product match the actual (nominal) value [126, 65]. While consistency of repeatability in
measurement is called precision, the real number indicates the dimensions of the model CAD.
This is a key concept in additive manufacturing because it ultimately affects reliability; you
can rely on the machine to deliver the desired results every time you print. In this work, the

accuracy and precision were inspected for the printed specimens. Concerning the tensile test
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sample, the much more important area is the gauge section. The dimensions of the gauge
cross-section (width “w” and thickness “t”) were measured and the average measurement
from three spots (both ends and the middle) was recorded, as shown in Figure3.12 and com-
pared with the exact CAD design to determine the accuracy. The 3D-printed test pieces were
produced according to the dog-bone tensile with variably combination controllable process
parameters including layer thickness (0.08mm,0.16mm, 0.24mm), Building orientation (Flat,
On-edge, Upright) and raster angle (0°/90°, 30°/-60°, 45°/-45°). A digital Vernier caliper
was used to measure the dimensions of the tensile. Three specimen measure was taken for

each combination of process parameters test piece.

W

Figure 3.12: Gauge section dimensions (width “w” and thickness “t”)

3.5 Tensile tests

The 3D Printed dog-bone specimens were subjected to tensile testing consistent with ISO
527-2 type A standard [124] and Specimens test was performed on a universal static testing
machine Shimadzu AGS-X 10 kN fitted with contact extensometer (Figure 3.13) which is
found in laboratories of material science of the Silesian university of technology in Gliwice.
This tensile machine is capable of testing specimens at a speed of up to 0,0005mm /min, with a
measurement accuracy of +0.5% of indicated test force. maximum cross head returning speed
3000mm /min and ensures high accuracy of received values. Tensile testing was performed
with testing speed of 2 mm/min. During tensile testing, monitoring and collecting results

were performed using “ TRAPEZIUM X-V or TRAPEZIUM LITE X 7 software. After
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testing all printed samples, results are collected and analyses with statistic methods in Excel

and presented in further text.

Figure 3.13: Tensile testing on Shimadzu AGS-X 100 kN tensile machine

3.6 Flexural Test

The flexural strength test was conducted using a universal static testing machine Shimadzu
AGS-X 10 kN fitted with contact extensometer (Shimadzu Corp., Kyoto, Japan) (Figure
3.14). The rectangular cross-section of the specimen was rested on two supports and loaded
via the loading nose halfway between the supports until the specimen collapsed. flexural
testing was performed with testing speed of 2 mm/min. During flexural testing, monitoring
and collecting results were performed using “© TRAPEZIUM X-V or TRAPEZIUM LITE
X 7 software. The experiment was repeated five times for each specimen to obtain more
accurate results. A material property known as flexural strength, and often referred to
as modulus of rupture, flexural strength, or transverse rupture strength, is described as

the stress in a material just before it yields in a flexural test. The most common test is
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the transverse bending test, in which a specimen of circular or rectangular cross-section is

bent to failure or yielding using a three-point bending test method. The maximum stress

Figure 3.14: 3-point flexural testing on Shimadzu AGS-X 100 kN tensile machine

experienced by the material at the yield point is represented by the flexural strength. As
per the ISO 178 [125], the flexural strength of the printed PLA specimen was measured
using the three-point bending method. The dimensions of the flexural test printed PLA
specimen were 127 mm x12.70mm x3.2 mm. Figure 3.15 represent the support distance and

loading nose adjusted according to the ISO 178 [125]. The flexural modulus of elasticity

Figure 3.15: Schematics of three point bending test

(Ef) was determined following the previous standard, based on the Classical Beam Theory,
supposing that shear effects are negligible. We can define the maximum normal stress oy in

the three-point bending test as
3FL
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where F is the fracture force, L is the support span, w is the width of the specimen, t is
the thickness of the specimen, and the maximum strain e of the outer surface at mid-span,

which was calculated as follows
60t

‘=TIz

(3.2)

where ¢ is the mid-span deflection. The flexural modulus of elasticity E; is the ratio of
stress to the corresponding strain at a given point on the stress-strain curve. Hence, it can

be calculated as
B L3m
P ot

(3.3)

where m is the slope of the secant of the load-displacement curve.

3.7 Infrared imaging for FDM-3D printed PLA sample
in tensile tests

Identifying mechanical characteristics, including Young’s modulus, elasticity, shear strain,
viscosity, and fracture toughness, is a crucial step in the creation of novel materials. These
parameters are often determined by researchers using a variety of measurements, such as
tensile displacement testing, compression tests, and fatigue tests. The mechanical properties
that must be ascertained depend on the type of material that needs to be characterized. In
contrast to metal materials, 3D printed polymer are either ductile or brittle which is depend
on FDM printing process parameters. Therefore, in order to deal with all of these extremely
diverse scenarios, a wide range of experimental approaches are needed. Among the common
instruments used by material engineers are high-elongation extensometers used in tensile
testing [127].

Making a stress-strain curve (Figure 3.16) is one method of describing a material. The
strain in this graph represents the force acting on the material, but the stress in this graph
represents how the material responds to the constraint. Stress varies linearly with strain at
the beginning of the curve, which is the elastic zone. The slope of the curve corresponding to
Young’s modulus indicates the reversibility of material deformations. It refers to a material’s
yield strength as the stress level at which it starts to distort plastically. Beyond this point,
deformations become irreversible, and the linear relationship between stress and strain is
no longer valid. Once the material’s ultimate strength has been reached, it deforms locally

and changes in cross-section (necking). The material eventually reaches the fracture point
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and breaks. In any scenario, a macroscopic sample yields a global response, or stress-strain

Figure 3.16: Typical stress-strain curve of materials adopted from Courtney, Thomas (2005)

curve. As the material changes, heat is released as a result of elastic or plastic deformation
and thermal energy as a result of chemical bonds being broken. It is common knowledge
that material properties (such as Young’s modulus) vary with temperature. Consequently,
being able to track heat distribution patterns across the sample while it is being tested
may offer supplementary knowledge regarding its mechanical characteristics. The material
can change from one regime to another (such as from elastic to plastic) extremely quickly,
depending on the severity of the applied constraints and the characteristics of the sample.
Furthermore, cracks typically propagate through a material rather quickly once the rupture
point is reached. In addition, because of their small size, the cracks that form immediately
before the fracture begins can be difficult to find. Thus, measurement techniques with high
temporal and/or spatial resolution are usually required for proper investigation.

In this thesis, high-speed infrared imaging was carried out during tensile tests on PLA
material printed using different combination FDM process parameters. High-definition in-
frared imaging was carried out during a tensile stress test on a 3D-FDM printed PLA sample
using Telops FAST-IR 3K camera and image processed with help of MATLAB R2023a ( Fig-
ure 3.18) . The results illustrate how infrared imaging can bring some additional insights
for material characterization in tensile experiments and to reveal the influence 3D printing

process parameters on tensile strength.
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Telops FAST-IR 3K

The Telops FAST-IR 3K ( Figure 3.17) is a cooled infrared camera featuring a 320 x 256
-pixel indium antimonide (InSb) focal plane array (FPA) detector covering the 3 — 5.5um
spectral range. A 50-mm Janos lens was used for all experiments along with a 1/4-inch

extender ring.

Figure 3.17: Telops high-performance infrared camera.

Figure 3.18: The setup for a tensile stress test was carried out on a PLA sample using high-
speed infrared imaging.
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The method used in this thesis

The format and construction of this thesis was based on customization of previous mentioned
methods presented under 3.1-3.7 section and as a summary methodology employed presented

in following flowchart as shown in figure 3.19.

Figure 3.19: Flow chart for the experimental investigation
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Chapter

Result and discussion

4.1 Determination of print accuracy

Average accuracy percentage and standard deviation of the test results of the width for the
printed PLA samples are tabulated for the tensile tests in Table (4.1) and for thickness Table
(4.1) The comparison of the minimum and maximum average accuracy values of width and
thickness (w, t) showed variations between specimens manufactured under different printing
conditions in the range of w = [99.78, 92.50]%, t = [99.58, 91.25]%, respectively. The
dimensions of the tensile test specimens were measured using a digital Vernier caliper. Figure
4.1 and Figure 4.2 displays the accuracy average of the tensile test components for width and
tensile respectively. As stated in Section 3.4, the width and thickness measurements were
examined at the gauge area for each of 27 combination of controllable process parameters
including: Layer thickness (0.08mm, 0.16mm,0.24mm), raster (0°/90°, 30°/-60°, 45°/-45°)
and building orientation (Flat, On-edge, Upright) three specimens measured. The apparent
findings are presented in contrast to the nominal value of width (w = 6 mm) and thickness
(t = 3.2 mm). The dimensions of the investigated samples did not differ significantly from
one another. Nevertheless, in some cases, there was a slight reduction due to the effect of
process parameters. Anisotropic behavior and defect distribution are associated with the
FDM printing process. In contrast to the layer thickness of the lower and upper layers, the
internal structure between the lower and upper layers has wider printing layers and layer-
to-layer defects [128]. The presence of these warps causes the distortion to increase as the
number of layers increases. The contour of each layer (shell), which affects shrinkage and
accuracy while causing significant temperature variations on the build platform, also affects

dimensions. Internal stresses that lead to compression set and indirectly to deformation or
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shrinkage are caused by cooling of the part at different rates at different locations on the

part [129].

Table 4.1: Accuracy average and standard deviation of width for tensile test specimens

Std O. C. Parameters Width Thickness
Layer T.(mm) | Build O. | R A.(°) | A.acc. | St Dv. | A.acc. | St Dv.
1 0.16 O 45/-45 | 95.52% | 0.00295 | 95.52% | 0.002946
2 0.16 F 30/-60 | 98.02% | 0.0082 | 98.02% | 0.008202
3 0.16 O 30/-60 | 95.73% | 0.0078 | 95.73% | 0.007795
4 0.16 U 0/90 |96.67% | 0.0082 | 96.67% | 0.008202
5 0.08 U 0/90 | 98.54% | 0.00295 | 98.54% | 0.002946
6 0.16 O 0/90 |96.98% | 0.01151 | 96.98% | 0.011506
7 0.08 F 45/-45 1 97.04% | 0.01151 | 97.40% | 0.011506
8 0.16 U 45/-45 | 92.19% | 0.0791 | 92.19% | 0.079098
9 0.24 O 30/-60 | 94.9% | 0.00642 | 94.90% | 0.006421
10 0.24 O 0/90 | 96.04% | 0.0039 | 96.04% | 0.003898
11 0.16 F 45/-45 | 96.56% | 0.00442 | 96.56% | 0.004419
12 0.24 F 30-/60 | 99.27% | 0.00531 | 99.27% | 0.005311
13 0.08 U 45-/45 1 98.33% | 0.00589 | 98.33% | 0.005893
14 0.16 F 0/90 |97.29% | 0.01405 | 97.29% | 0.014053
15 0.08 F 30/-60 | 98.54% | 0.01062 | 98.54% | 0.010623
16 0.08 F 0/90 | 99.58% | 0.00295 | 99.58% | 0.002946
17 0.16 U 30-/60 | 97.71% | 0.0039 | 97.71% | 0.003898
18 0.24 U 45/-45 | 98.65% | 0.0039 | 98.65% | 0.003898
19 0.08 O 30/-60 | 98.96% | 0.00737 | 98.96% | 0.007366
20 0.24 U 0/90 | 98.54% | 0.00642 | 98.54% | 0.006421
21 0.08 U 30/-60 | 98.23% | 0.00531 | 98.23% | 0.005311
22 0.24 O 45/-45 | 96.04% | 0.01031 | 96.04% | 0.010321
23 0.24 U 30/-60 | 96.56% | 0.01326 | 96.56% | 0.013258
24 0.24 F 0/90 | 91.25% | 0.10846 | 91.25% | 0.108463
25 0.08 O 45/-45 | 97.71% | 0.000642 | 97.71% | 0.006421
26 0.24 F 45-/45 | 98.75% | 0.00255 | 98.75% | 0.002552
27 0.08 O 0/90 | 94.69% | 0.00442 | 94.69% | 0.004419

However, test results show significant similarity for those samples printed with a combi-
nation of controllable process parameters: flat building orientation, layer thickness (0.08mm,
0.16mm, 0.24mm) and raster angle (0°/90°, 30°/-60°) and samples printed with a combina-
tion of controllable process parameters: flat building orientation, layer thickness (0.16mm,
0.24mm) and raster angle (45°/-45°), and also samples printed with a combination of con-
trollable process parameters, such as on-edge orientations with layer thickness (0.08mm,
0.16mm), raster angle (0°/90°) and all layer thicknesses and raster angles (30°/-60°, 45°/-
45°), which are slightly less accurate than samples printed with a combination of process

parameters such as: Upright build orientation, layer thickness (0.08mm, 0.16mm, 0.24mm)
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and raster angle (0°/90°, 30°/-60°, 45°/-45°) and the samples obtained with building build
orientation, layer thickness (0.08 mm) and raster angle (45°/-45°) and the samples printed
with on-edge build orientation, layer thickness (0.24 mm) and raster angle (0°/90°) had the

highest accuracy.

Accuracy average of tensile test specimen width
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0°/90" 30°/-60° 45°/-45" 0°/90" 30°/-60° 45°/-45" 0°/90" 30°/-60° 45°/-45"
Flat On-edge Upright
m Layer thicknes: 0.08mm mLayer thickness: 0.16mm mLayer thickness: 0.24mm

Figure 4.1: Accuracy average width for tensile test specimens printed in different combination
of controllable process parameters

For the thickness of the sample printed with the parameter combination of flat building
orientation, raster angle (0°/90°), and layer thickness (0.24 mm), and the sample printed
with the parameter combination of upright building orientation, raster angle (45°/-45°), and
layer thickness (0.16 mm), there is a large error bar compared to the others. This is due
to the fact that the number of layers is small and the maximum density of the filament
is bundled to produce the thickness of these samples, which is much larger than that of
the other orientation samples. As a result of the larger number of layers, distorted growth
becomes a dominant factor [130] leading to poor dimensional accuracy. The best thickness
accuracy is found for flat orientation built samples with layer thickness (0.08 mm) and raster
angle (0°/90°). The printed sample has less deformation due to the lower film thickness, as
the adhesion between layers is higher, and for upright samples, the contour is much smaller
than for residential samples and upright samples, resulting in less deformation. Regarding
the raster angle (30°/-60°), the percentage accuracy of thickness measurement is relatively

best on average for flat and upright building orientations.
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Accuracy average of tensile test specimen thickness
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Figure 4.2: Accuracy average thickness for tensile test specimens printed in different combi-
nation of controllable process parameters

4.2 Effects of process parameters on printing time

One of the most important measures for the use of additive manufacturing processes in
industry is to reduce lead and production times in order to compete with traditional manu-
facturing processes. Lower build times are therefore a critical requirement for the production
of functional parts in conjunction with part properties such as surface roughness, dimensional
accuracy, and mechanical properties. In addition, keeping failure under control is critical to
build time; clogged nozzles, for example, can significantly increase build time. FDM part
build time, like other part properties, is affected by process factors. By selecting the ideal
combination of process parameters, build time can be reduced [21].

Figure 4.3 shows the printing time for the tensile specimens as a function of build ori-
entation, layer thickness, and raster angle. The printing time is directly related to the
manufacturing cost, so it is essential to take it into account. From the previous results, it
is also clear that the printing time is directly related to the build orientation [131]. Raster
angle, layer thickness, and build orientation were all significant for build time [132]. Printing
time was longest for upright building orientation and shortest for flat building orientation.
The maximum building time (244 minute) recorded when 3D printer create the sample with
combination of the process parameters including layer thickness L; = 0.08mm, raster angle

= 45°/-45° and upright building orientation which is 23.36 % and 63.93% greater compared
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to one-edge built and flat built respectively having the same raster angle and layer thickness

value.
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Figure 4.3: Printing time (minute) of PLA sample printed using different combination pro-
cess parameters

Finally, In all three building orientation (upright, flat, on-edge orientations) and raster
angle (0°/90°, 30°/-60°, 45°/-45°) printing time decrease as layer thickness increase. This
result supported with previous study in reference [133, 134, 135, 132].

4.3 Effects of process parameters on tensile properties

In this work, for 27 different combinations of process parameters four experimental samples
which totally 108 sample tested for tensile test and tested sample photo depicted in Figure
4.4 in which beak happen along gage length. Average and standard deviation of the test
results of the maximum tensile stress (0;) and stiffness or young’s modulus (E ) for the
printed PLA samples are tabulated for the tensile tests in Table (4.2). The comparison of the
minimum and maximum average values of tensile strengths and stiffnesses showed differences
between the specimens prepared under different combinations of process parameters in the
range of tensile stress =[10.72, 44.41] MPa and modulus of elasticity =[1130, 3610] MPa,
respectively as it depicted on Table (4.2). This difference shows that the process variables

have a significant influence on the strength and stiffness properties.
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Figure 4.4: PLA specimen after tensile test.

Table 4.2: Average tensile test results of the samples and process parameter ranges.

Std O C. Parameters o:) (Mpa) | St.Dv. | E (GPa) | St.Dv.
Layer T.(mm) | Build O. | R A.(°)
1 0.16 O 45/-45 35.60 1.90 2.81 1.17
2 0.16 F 30/-60 27.46 0.53 1.78 0.45
3 0.16 O 30/-60 36.59 2.55 3.61 1.80
4 0.16 U 0/90 16.15 0.36 1.73 0.48
b} 0.08 U 0/90 16.37 1.63 2.56 0.85
6 0.16 O 0/90 44.41 1.53 2.34 0.22
7 0.08 F 45/-45 33.70 1.03 1.25 1.07
8 0.16 U 45/-45 11.05 2.05 2.03 0.33
9 0.24 O 30/-60 41.13 2.77 3.53 0.90
10 0.24 O 0/90 40.97 1.04 3.53 1.04
11 0.16 F 45 /-45 26.23 0.42 1.58 0.58
12 0.24 F 30/-60 27.27 1.40 2.29 0.48
13 0.08 U 45/-45 15.53 2.10 1.93 0.29
14 0.16 F 0/90 31.07 3.29 2.20 0.72
15 0.08 F 30/-60 35.01 2.12 1.84 0.19
16 0.08 F 0/90 22.59 0.47 1.66 1.21
17 0.16 U 30/-60 13.38 2.34 1.80 0.45
18 0.24 U 45 /-45 22.17 0.42 2.26 0.17
19 0.08 O 30/-60 36.44 2.78 1.92 0.41
20 0.24 U 0/90 13.07 1.26 2.14 0.90
21 0.08 U 30/-60 15.43 0.57 1.50 0.22
22 0.24 O 45/-45 40.07 1.95 2.88 1.13
23 0.24 U 30/-60 10.72 3.32 1.13 0.78
24 0.24 F 0/90 29.03 3.82 1.65 0.22
25 0.08 O 45/-45 38.02 0.83 2.83 0.61
26 0.24 F 45/-45 27.81 0.36 3.03 1.16
27 0.08 O 0/90 40.80 1.10 2.89 0.63
Master Thesis 2023 49




4.3.1 Effect of Layer thickness on tensile strength

In this work, the effect of print layer thickness, a significant and adjustable 3D printing
parameter, on the mechanical properties of specimens produced with FDM was investigated.
The layer thickness is closely related to the number of layers required to print an object and,

consequently, to the printing time. Thus, manufacturing costs decrease with increasing layer

thickness as it shown in Figure 4.3.

Figure 4.5: Stress-strain curve for a specimen printed with a constant layer thickness (L; =
0.08mm) and with raster angles and building orientation

The average maximum tensile strength is shown in Figure 4.9 as a function of layer
thickness. The effects of layer thickness on mechanical properties under different building
orientation created sample including upright orientation built, on-edgewise orientation built,

and flat orientation built samples. For the upright and flat building orientation printed
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samples, increased layer thickness tended to decrease tensile strength, with the exception of
the sample printed upright with a raster angle of 45°/-45° which increased tensile strength
with increasing layer thickness. These results are consistent with previous work [136, 102,
95, 96, 91]. This effect can be explained by the fact that with increasing layer thickness
the poor bonding between layers with large voids increases and thus the tensile strength

decreases.

Figure 4.6: Stress-strain curve for a specimen printed with a constant layer thickness (L; =
0.16mm) and with raster angles and building orientation

In the case of on-edge printed samples (figure 4.9), the variations of maximum tensile
strengths in the range of layer L; = 0.08 to 0.16 mm where increase as layer thickness increase
and showed higher tensile strength at layer thickness L; = 0.16mm and these results are

consistent with previous work [73, 88, 92, 100]. This effect can be explained by considering
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that with increased layer thickness, fewer layers were needed for a given total thickness and,
therefore the number of layer bonds was reduced and strength increased. In case of range of
layer thickness L; = 0.16 to 0.24 the tensile strength decreased as it remarked by different

authors in their study increase layer thickness decrease tensile strength [137].

Figure 4.7: Stress-strain curve for a specimen printed with a constant layer thickness (L; =
0.24mm) and with raster angles and building orientation

In general, low layer thickness values resulted in increased in stiffness. Finally, according
to Figure 4.5, 4.6 and 4.7 the maximum tensile plastic strain at fracture decreased as layer
thickness increased. Nevertheless, a significant reduction in printing time was achieved. In
short, the result underscored that in the case of sample printed upright with a raster angle

of 45°/-45°, tensile strengths increased as the layer thickness increased.
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4.3.2 Effect of Building orientation on tensile strength

The specimen orientation designations are followed by the direction of expected crack prop-
agation or rupture as shown Figure 3.3. Building orientation is commonly referred to as
flat, upright, and on-edge when samples are oriented horizontally, vertically, and laterally,
respectively. Flat and on-edge are considered parallel to the print platform, while upright
is along the direction of normal of the print platform. The importance of orientation has
been extensively researched, especially with respect to the tensile behavior of FDM parts.
In this work, the highest tensile strength is achieved when the layers are printed so that
the direction of tensile loading is parallel to them rather than along their length as depicted
in Figure 4.8. This is due to the load being applied along the length of the stacked layers,
providing the best distribution of loading [131].
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Figure 4.8: The effect of build orientation on average maximum tensile strength (o) for the
tensile specimens as a function of layer thickness

The highest values for maximum tensile strength and stiffness were obtained for the Flat
and On-edge build orientations, while the Upright build orientation yielded the lowest values
because typical FDM 3D printing uses a thermoplastic filament to print horizontal layers of

the sample, and the bond between layers is usually very weak. As a result, the strength of the
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part is anisotropic (not isotropic or uniform). According to the observational results of this
study, tensile test specimen printed with One-edge building orientation ( layer thickness =
0.16mm, raster angle = 0°/90°) have tensile strength 44.41MPa which is 63.63% higher were
compared to test specimen printed upright building orientation (layer thickness = 0.16mm,
raster angle = 0°/90°) 16.5MPa and 46.89% higher with test specimen printed Flat building
orientation (layer thickness = 0.16mm, raster angle = 0°/90°) 31.07MPa. These outcomes
support the findings of earlier research [83, 73, 131]. Inter-layer fusion bond failure and
trans-layer failure are the two primary failure modes that can be used to explain these
variations.

In the upright orientation, the specimens were pulled perpendicular to the direction of
layer deposition while being loaded perpendicular to their fibers (Figure 3.3). This resulted
in the breakdown of the fusion bond between the layers. In this situation, because the fusion
bonds between adjacent layers or fibers, rather than the fibers themselves, withstood most of
the stresses, the layer or fiber-to-fiber adhesion significantly affected the tensile strength. The
tensile strength was assumed to be lower than the combined strength of the fibers [73, 131].

The stress-strain behavior for PLA samples printed with different combinations of process
parameters under tensile loading is shown in Figures 4.5, 4.6 and 4.7. The results show that
the upright orientation generally exhibited brittle behavior. In contrast, the flat and on-edge
orientations exhibited ductile behavior with significant plastic deformation. As more layers
were pushed longitudinally, the specimens built with the on-edge oreintention exhibited the
value of maximum tensile deformation at fracture, with values of elastic modulus and tensile

strength greater to those of the flat specimens

4.3.3 Effect of Raster angle on tensile strength

Raster angle had primary influence on tensile strength of specimen printed using FDM. The
tensile properties of flat building oreintention printed specimens with different raster angles
as function of layer thickness are shown in 4.9. The specimen built with both 30°/-60°
and layer thickness L, = 0.08mm raster angle show the highest tensile strength value (o, =
35.01MPa) where compared to the specimens printed with both 45/-45 raster angle and layer
thickness L; = 0.08mm (o, = 33.7MPa) and specimens printed with both 0/90 raster angle
and layer thickness L; = 0.08mm (o, = 22.59MPa), which produce the weakest values. This
is caused by the fiber direction of the 30° /-60° specimens, which could resist and separate the

tensile that was applied. In contrast, in flat building orientation, specimens built with both
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a 0°/90° raster angle and layer thicknesses L; = 0.16 mm and 0.24 mm exhibit highest tensile
strength. This is due to the effect of layer thickness, which requires a smaller number of
layers for a given total thickness as the layer thickness increases, so that the number of layer

gaps decreases and the strength increases [73]. In general, for a flat building orientation, the
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Figure 4.9: The effect of raster angle on average maximum tensile strength (o;) for the tensile
specimens as a function of layer thickness

30°/60° raster angles are optimal for the samples printed with a layer thickness L, = 0.08
mm, and the 0°/90° raster angles are optimal for the samples printed with a layer thickness
L; = 0.16 mm and 0.24 mm.

In the case of on-edge building orientation, there is a difference in the tensile strength of
all specimens built with the 0°/90° raster angle compared to specimens built with the 30°/-
60° and 45° /-45° raster angles, except for the layer thickness L, = 0.24 mm, where relatively
all raster angles have a similar magnitude effect on the tensile strength. For upright building
orientation, the specimens built with 45°/-45° raster angle show significant differences com-

pared to 0°/90° and 30°/-60°, when layer thickness L; = 24 mm. This difference in raster
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angle can result in an increase in tensile strength of up to 51.646% in favor of specimens built
with the 45°/-45° raster angle compared to 30°/-60° raster angle and 41.046% compared to
0°/90°. However, for upright designs, the effect of raster angle on the tensile strength of

specimens printed with a layer thickness L; = 0.08 mm is relatively similar.

4.4 Effects of process parameters on flexural strength

Flexural properties are critical for layered structures. The flexural strength of a structure
is its ability to resist flexural deformation when a load is applied to it [103]. All flexural
tests were successfully performed for sample printed with different properties means that
for the twenty seven (27) combinations of controllable process parameters. The average and
standard of the tested result of flexural strength (o) of printed PLA sample using different
combination of controllable process parameters tabulated for 3-point bending test in table

(4.3).

Figure 4.10: PLA specimen after 3-point flexural test.

The comparison of the minimum and maximum average values of flexural strengths and

stiffnesses showed differences between the specimens prepared under different combinations
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of process parameters in the range of flexural stress = [11.28, 73.36] MPa and flexural
modulus of elasticity = [1263.41, 2815.54] MPa, as it depicted on Figure 4.11 and Figure4.12

respectively.

Table 4.3: Average flexural test results of the samples and process parameter ranges

S.No | Std O. Controllable properties Flexural S. (o (Mpa)) | St.Dv
Layer T. (mm) | Build O. | RA (°)
1 14 0.16 O 45/-45 64.14 4.09
2 12 0.16 F 30/-60 73.36 5.23
3 15 0.16 O 30/-60 53.50 6.44
4 16 0.16 U 0/90 23.75 6.40
5 7 0.08 U 0/90 15.46 9.17
6 13 0.16 O 0/90 64.10 3.64
7 2 0.08 F 45 /-45 67.01 2.08
8 17 0.16 U 45/-45 27.61 0.84
9 24 0.24 @) 30/-60 29.64 1.08
10 22 0.24 O 0/90 58.96 2.52
11 11 0.16 F 45/-45 72.20 3.79
12 21 0.24 F 30/-60 68.88 0.43
13 8 0.08 U 45 /-45 11.85 1.59
14 10 0.16 F 0/90 65.71 1.08
15 3 0.08 F 30/-60 72.42 0.24
16 1 0.08 F 0/90 64.10 0.73
17 18 0.16 U 30/-60 28.13 5.00
18 26 0.24 U 45/-45 33.66 1.80
19 6 0.08 @) 30/-60 48.99 1.77
20 25 0.24 U 0/90 23.90 1.67
21 9 0.08 U 30/-60 11.28 0.57
22 23 0.24 @) 45/-45 65.91 1.21
23 27 0.24 U 30/-60 37.92 4.94
24 19 0.24 F 0/90 69.56 2.68
25 D 0.08 O 45/-45 65.00 0.43
26 20 0.24 F 45 /-45 41.15 2.52
27 4 0.08 O 0/90 01.25 2.01

Overall, the sample printed with combination of process parameters including flat build-
ing orientation, layer thickness L, = 0.08 mm, and 0°/90°, 30°/-60° raster angles had the
highest average modulus because the fused deposition modeling contours were optimally
positioned at the critical locations for bending. The positioning of the contours for the flat-
built sample follows a pattern in which the layers of each contour are oriented perpendicular
to a typical bending crack that occurs in 3-point bending [138]. This means that the weak
interface normally seen between the layers of a fusion layer modeling sample is oriented per-

pendicular to the compressive forces that occur at the top and bottom of the fusion layer
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specimen. While all modulus results were similar for each of sample built in flat orientation

with a layer thicknesses L; = 0.08mm, 0.16mm, 0.24mm, and 45°/-45° raster angles.
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Figure 4.11: Average flexural modulus of PLA printed using different combination process
parameters
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Figure 4.12: Average flexural strength of PLA printed using different combination process
parameters

The samples built in the upright building orientation performed the worst in terms of
flexural strength and flexural modulus of elasticity because the layer deposition or layer
contour was oriented parallel to the typical flexural cracks observed in 3-point bending [138].
This indicates that the weak interface between the layers of the contour at the top and

bottom of the fused deposit sample was positioned such that the tensile and compressive

Master Thesis 2023 58



forces pressed and compressed directly on it. This orientation is typical of weak interfaces
between layers of an FDM sample. In addition, samples printed with 30°/-60° raster angles
at the same building orientation have a lower flexural modulus than specimens built in
the on-edge building orientation with 0°/90° raster angles because the raster angles are the
main components of the samples that resist the tensile and compressive forces during flexural
loading. Further more, the samples printed with different layers thicknesses and 45°/-45°
raster angles in the three building types of flat, on-edge, and upright standing have similar
flexural modulus and are relatively neither weak nor strong because the raster angles are
oriented obliquely to the direction of compressive forces, so they are neither the weakest nor

the strongest samples in the strength results [138].

4.4.1 Effect of Raster angle on flexural strength

The flexural properties of flat building orientation printed samples with different raster angles

as function of layer thickness are shown in Figure 4.13.
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Figure 4.13: The effect of raster angle on average maximum flexural strength (o) for the
tensile specimens as a function of layer thickness

Based on Figure 4.13, in both flat and upright building orientation printed samples,
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the sample with 30°/-60° raster angle have relatively higher flexural strength in comparison
to the sample printed with 0°/90° and 45°/-45° raster angle except in upright building
orientation with layer thickness L; = 0.08mm in which 0°/90° raster angle have maximum
flexural strength. This is expected since the load acts along the of angle of the raster in the
case of 30°/-60° raster angle and offers higher resistance to the applied load in comparison to
the 45°/-45° and 0°/90° raster angle samples. In case of sample printed in on-edge building
orientation maximum flexural strength found with 45°/-45° raster angle at layer thickness

L; = 0.24mm.

4.4.2 Effect of Layer thickness on flexural strength

Figure 4.13 shows the practical mean values of flexural strength for the 3D-printed PLA
samples as function of the layer thickness. From Figure 4.13 ; under flat building orientation
it can be noted that the samples built with a 0.16mm layer thickness and 30°/-60° raster
angle had the greatest fllexural strengths. The flexural strength of samples printed with
both raster angle 30°/-60° and 45°/-45° under flat building orientation and under on-edge
building orientation with raster angle 0°/90° increase from layer thickness [0.08,0.16] and
decrease with increase layer thickness in interval of [0.16,0.24].

In on-edge building orientation samples built with a 0.16mm layer thickness and 45° /-45°
raster angle showed the greatest fllexural strengths. In upright building orientation samples
built with a 0.24mm layer thickness and 30°/-60° raster angle showed the greatest fllexural
strengths. In all raster angle (0°/90°,30°/-60°,45° /-45°) flexural strength increase with layer
thickness under upright build orientation. In case of on-edge building orientation sample
built with raster angle 30°/-60°,45° /-45° also flexural strength increase with layer thickness
increase. This result showed confirmation with previous study in reference [100]. A part
designed with a greater layer thickness requires fewer layers, which reduces the number of
cooling and heating cycles required to produce the pattern. Reduce the number of layers
to minimize deformations caused by the buildup of stresses during bond formation. As a

result, the layer height increases, increasing flexural strength.
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4.4.3 Effect of Building orientation on flexural strength

As shown in Table (4.3) and Figure 4.14 build orientation significantly affected the flexural
strength. Flat orientations showed the highest values for maximum flexural strength and
stiffness, while upright orientation resulted in the lowest ones. For example, the maximum
flexural strength for the upright orientation oy = 37.92MPa (L, = 0.24 mm, Raster angle
= 30°/-60°) which was about 36.42% and 44.95% lower than on-edge and flat orientations
respectively for the same combination of process parameters. The maximum flexural strength
(07 = 73.36MPa) was obtained for a combination of process parameters with a layer thickness
L; = 0.16mm, a raster angle of 30°/-60°, and a flat building orientation, while the lowest
flexural strength (o; = 11.28MPa) was obtained for a combination of process parameters
with a layer thickness L; = 0.08mm, a raster angle of 30°/-60°, and an upright building
orientation. In flat and one-edge building orientation bending force applied in perpendicular
to length direction of building layer or fiber direction which is have high resistant to break
rater than upright building orientation in which bending force applied parallel to trans-layer

bonding (side to side) layer deposition which weaken the strength of printed sample [131].
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Figure 4.14: The effect of building orientation on average maximum flexural strength (o)
for the tensile specimens as a function of layer thickness

These results generally show that the choice of build orientation for the PLA specimens
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has a significant effect on flexural strength. Therefore, it can be concluded that the flat
orientation showed the highest flexural performance and the best performance in terms of

flexural strength.

4.5 Optimization of process parameters

Taguchi’s Ly DOE was used to investigate the effects of layer thickness, building orientation,
and raster angle. Since Taguchi’s DOE uses orthogonal arrays, it was chosen. This means
that each parameter has equal weight and can provide the best design with the fewest passes
and the lowest cost. The controllable process variables include layer thickness, which three
different level of layer thickness were considered in order to analyses the influence of this
parameter L; = (0.08 mm, 0.16 mm, 0.24 mm) and raster angle, which has three level and
variable values such as 0°/90°, 30°/-60°, and 45°/-45°, with build orientation such as flat,
on-edge, and upward used, to investigate their effects on tensile and flexural strength of
polylactic acid (PLA) printed with fussed deposition modeling technology.

Control and noise factors are the two categories of variables, according to Taguchi and
Phadke [139]. The designers define the control variables, while the noise factors, which
include parameters such as humidity and ambient temperature, are difficult or impossible to
regulate. Therefore, the Taguchi technique uses the signal-to-noise (S/N) ratio to increase
the sensitivity of the process to changes in the noise components and create a resilient system.
Smaller is better, nominal is better, and larger is better are the three types of S/N ratios
that depend on how well the result meets the criteria. In this work, both a tensile strength
in a tensile test and the flexural strength in a 3-point bending test must be high, so the

"bigger is better” equation is used here for the S/N ratio.

" #
1 1
S/N = —10log —Xi_,—
n i

(4.1)

In this work, Number of observations of the result (n) = 1 because the average of the 4 tests
for tensile and average of 3 test in flexural is taken to account for all runs, and Table (4.4)
and (4.5) contains the results of tensile and flexural strength and S/N ratio respectively.
Maximum tensile strength of 44.41 MPa was obtained with run 13, while minimum strength
was 10.72 MPa obtained from the 26th run. In run 13, the 3D printer printed the sample in
on-edge build orientation, so tensile strength is greatly affected by build orientation and its

best level is on-edge orientation whereas in run 26, the 3D printer create the sample using
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upright building orientation which perform lowest tensile strength. This result confirmed

from previous author [140].

Table 4.4: Results of tensile test

Run | Layer T.(mm) | Building O. | Raster A.(°) | o (MPa) | S/N Ratio (dB) | Stdev
1 0.08 Flat 0/90 22.59 27.08 0.47
2 0.08 Flat 30/-60 35.01 30.88 2.12
3 0.08 Flat 45/-45 33.70 30.55 1.03
4 0.08 On-edge 0/90 40.80 32.21 1.10
) 0.08 On-edge 30/-60 36.44 31.23 2.78
6 0.08 On-edge 45/-45 38.02 31.60 0.83
7 0.08 Upright 0/90 16.37 24.28 1.63
8 0.08 Upright 30/-60 15.43 23.77 0.57
9 0.08 Upright 45/-45 15.53 23.82 2.10
10 0.16 Flat 0/90 31.07 29.85 3.29
11 0.16 Flat 30/-60 27.46 28.77 0.53
12 0.16 Flat 45/-45 26.23 28.37 0.42
13 0.16 On-edge 0/90 44.41 32.95 1.53
14 0.16 On-edge 30/-60 36.59 31.27 2.55
15 0.16 On-edge 45 /-45 35.60 31.03 1.90
16 0.16 Upright 0/90 16.15 24.17 0.36
17 0.16 Upright 30/-60 13.38 22.53 2.34
18 0.16 Upright 45/-45 11.05 20.87 2.05
19 0.24 Flat 0/90 29.03 29.26 3.82
20 0.24 Flat 30/-60 27.27 28.71 1.40
21 0.24 Flat 45 /-45 27.81 28.88 0.36
22 0.24 On-edge 0/90 40.97 32.25 1.04
23 0.24 On-edge 30/-60 41.13 32.28 2.77
24 0.24 On-edge 45/-45 40.07 32.06 1.95
25 0.24 Upright 0/90 13.07 22.32 1.26
26 0.24 Upright 30/-60 10.72 20.60 3.32
27 0.24 Upright 45 /-45 22.17 26.92 0.42

In case of flexural strength maximum value obtained is 73.36 MPa with run 11, while
minimum flexural strength was 11.28 MPa obtained from the 8th run in which sample created
using upright building orientation. Also, high flexural strength was achieved in the run 12
and 19. In this runs 3D printer create the sample in flat build orientation, so tensile strength
is greatly affected by build orientation and its best level is flat building orientation. The best
flexural performance was with the flat orientation (the maximum upright strength was 48.3%
lower than the highest strength exhibited by the flat orientation), this result confirmed from
previous author [85]. The optimum parameters were indicated by selecting the maximum

S/N ratio for each factor, which is selected to maximize tensile and flexural strength [140].
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As shown in Table (4.6) and Figure 4.15, For tensile strength optimum parameters are on-
edge building orientation, layer thickness L;= 0.08mm and 0°/90° raster angle. As it can
be seen from Figure 4.15 building orientation have great influence when compared to raster

angle and layer thickness on tensile strength of sample created by fused deposition modeling.

Table 4.5: Results of 3-point bending (flexural) test

Run | Layer T.(mm) | Building O. | Raster A.(°) | oy (MPa) | S/N Ratio (dB) | Stdev
1 0.08 Flat 0/90 64.10 36.14 0.73
2 0.08 Flat 30/-60 72.42 37.20 0.24
3 0.08 Flat 45/-45 67.01 36.52 2.08
4 0.08 On-edge 0/90 65.00 36.26 0.43
5 0.08 On-edge 30/-60 48.99 33.80 1.77
6 0.08 On-edge 45 /-45 51.25 34.19 2.01
7 0.08 Upright 0/90 15.46 23.78 9.17
8 0.08 Upright 30/-60 11.28 21.05 0.57
9 0.08 Upright 45/-45 11.85 21.48 1.59
10 0.16 Flat 0/90 65.71 36.35 1.08
11 0.16 Flat 30/-60 73.36 37.31 5.23
12 0.16 Flat 45/-45 72.20 37.17 3.79
13 0.16 On-edge 0/90 64.10 36.14 3.64
14 0.16 On-edge 30/-60 53.50 34.57 6.44
15 0.16 On-edge 45/-45 64.14 36.14 4.09
16 0.16 Upright 0/90 23.75 27.51 6.40
17 0.16 Upright 30/-60 28.13 28.98 5.00
18 0.16 Upright 45/-45 27.61 28.82 0.84
19 0.24 Flat 0/90 69.56 36.85 2.68
20 0.24 Flat 30/-60 68.88 36.76 0.43
21 0.24 Flat 45/-45 41.15 32.29 2.52
22 0.24 On-edge 0/90 08.96 35.41 2.52
23 0.24 On-edge 30/-60 59.64 35.51 1.08
24 0.24 On-edge 45/-45 65.91 36.38 1.21
25 0.24 Upright 0/90 23.90 27.57 1.67
26 0.24 Upright 30/-60 37.92 31.58 4.94
27 0.24 Upright 45 /-45 33.66 30.54 1.80

As it depicted in Table (4.7) and Figure 4.16 the optimum parameters for flexural strength
were Layer thickness L, = 0.16mm, flat building orientation and 30°/-60° raster angle. As
it can be seen from Figure 4.16 building orientation have great influence when compared to
raster angle and layer thickness on flexural strength of sample created by fused deposition
modeling. The influence of each parameter and their levels were shown in Table (4.6) and
Table (4.7) which is called average performance for tensile and flexural strength respectively.

The upright samples showed failure of the inter-layers, with reduced strength and stiffness.
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Table 4.6: Average performance of (S/N) ratio for tensile test

Level | Layer thicknes Building orientation Raster angle
1 28.38 29.15 28.26
2 27.76 31.88 27.78
3 28.14 23.25 28.23
Delta | 0.62 8.62 0.48
Rank | 2 1 3
Table 4.7: Average performance of (S/N) ratio for flexural test
Level | Layer thicknes Building orientation Raster angle
1 31.16 36.29 32.89
2 33.67 35.38 32.97
3 33.65 26.81 32.62
Delta | 2.51 9.47 0.36
Rank | 2 1 3

On the other hand, flat and on-edge samples showed inter-layer failure with the best mechan-
ical properties. The results also show that brittle fracture behavior occurs in the upright
orientation, while ductile fracture behavior occurs in the flat and on-edge orientations. The
flat oriented samples exhibited the highest flexural strength, while the best stiffness and ten-
sile strength were shown by the on-edge oriented samples. The layer thickness, the second
variable process parameter, affects the tensile and flexural strength of the sample produced
by fused deposition modeling according to the able (4.6) and Table (4.7). The third variable
process parameter, raster angle, had an effect on the tensile and flexural strength of the

printed sample when fused deposition modeling was used.

4.6 Analysis of variance

ANOVA has also been used to examine the impact of raster angle, layer thickness, and
building orientation on tensile and flexural strength. Specific input process factors were
examined, and their effects on the tensile and flexural strength were investigated. As shown
in the ANOVA table (Table 6), building orientation has a significant effect on tensile strength
(88.837%), while raster angle has a smaller effect (0.33%). The only variables with a p-value

less than 0.05 are those related to building orientation. According to the reference source,
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Figure 4.15: Main effect plot for SN ratio using minitab software for tensile strength
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Figure 4.16: Main effect plot for SN ratio using minitab software for flexural strength
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the results of the current study confirm the results of previous studies. [141, 142]. Flexural
strength is also significantly influenced by building orientation, which contributes 77.347%,
and raster angle has the least influence, as does tensile strength. Unlike tensile strength,
both layer thickness and building orientation are statistically significant for flexural strength,

as the p-value is less than 0.05.

Table 4.8: Analysis of variance for SN ratio in tensile test

Source DF | Sum of square | Mean Square F P % contrib.
Layer thickness 2 1.791 0.895 0.440 | 0.651 0.455
Building orientation | 2 349.747 174.873 85.600 | 0.000 88.837
Raster angle 2 1.300 0.650 0.320 | 0.731 0.330
Residual Error 20 40.857 2.043 10.378
Total 26 393.694

As can be seen in Figure 4.17, the tensile strength increases sharply with the change
in building orientation, with the on-edge orientation having the highest strength, while
the flat and upright building orientations reach 26.53% and 62.186%, respectively. The
graph After reaching the peak value at the edge, the tensile strength of the upright building
orientation decreases sharply and is lower than that of the flat orientation and the on-edge
building orientation. In case of Flexural strength of PLA sample created using FDM in this
work decrease from Flat building to upright building orientation. Flat building orientation

has higher strength than on-edge and upright building orientation by 10.15 % and 48.3%

respectively.
Table 4.9: Analysis of variance for SN ratio in flexural test

Source DF | Sum of square | Mean square F P % Contrib.
Layer thickness 2 37.577 18.788 3.550 | 0.048 5.909
Building orientation | 2 491.904 245.952 46.470 | 0.000 77.347
Raster angle 2 0.630 0.315 0.060 | 0.942 0.099
Residual Error 20 105.859 5.293 16.645

Total 26 635.969

Inter-layer and trance-layer bonding are the two types of bonds that are bonded to the
FDM component. In inter-layer bonding, the bonding between layers is done in the thickness
direction, while trance-layer bonding is used for bonding between adjacent layers [115]. The
layer bond is stronger in the on-edge orientation, and consequently the applied load carries

both the layer bond and the individual lines together. The interaction between the layers
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Figure 4.17: Main effect plot for mean of tensile strength (MPa) using minitab software

is very strong, and there are only a few layers and a larger specimen in the flat than on-
edge and upright building orientation but specimen is wide. In this case, the applied stress
has a significant impact on both the trans-layer bond along with individual rods, and the
trans-layer is not as strong as the inter-layer due to the rods side width direction (side-side)
interacts less as compared to thickness direction and on-edge were have less thickens which
increase inter-layer bond [142, 85].

Layer thickness is the the second parameter which influences the tensile and flexural
strength sample printed using FDM as its shown in Table (4.8) and Table (4.9), which have
0.455% and 5.909 % contribution in tensile and flexural strength respectively. As could be
seen in Figure 4.17 by increasing layer thickness, the tensile strength was decrease through
range of layer thickness 0.08mm to 0.16mm, then increase (improved) through range of
0.16mm to 0.24mm layer thickness. According to Figure 4.18 flexural strength was increase
through range of layer thickness 0.08mm to 0.16mm, then decrease through range of 0.16mm
to 0.24mm layer thickness. The thinner layer may be stronger because more molten material
is forced out of the nozzle when it is thinner, and because there is less space between the
nozzles, the preceding layer may heat the material and improve bonding. Also, because less

plastic has been extruded in a given period of time, the material remains in the melt zone
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Figure 4.18: Main effect plot for mean of flexural strength (MPa) using minitab software

longer, allowing it to melt properly and evenly. In addition, the density of objects with
thinner layers can be increased because the gaps between the lines of previously printed
material are reduced. However, for the same parts, fewer layers are printed with the thicker
layer. This reduces the likelihood of something going wrong in a layer and leaving voids,

which would ultimately be the place where a defect would start [100].

4.7 Interaction between parameters

Figure 4.19 and 4.20 illustrated the interaction between the parameters which shown that
the different building orientation act differently with raster angle and layer thickness: Both
On-edge and upright building orientation built sample was greatly affected by raster angle
and layer thickness because in this orientation the width of the sample is greater than its
height as mentioned before and direction of the matrix of the deposition, and it gives the
on-edge orientation this sensitivity. The layer thickness affects the trans-layer fusion bond,
in a larger diameter (0.24 mm) this bond is strong and the surface contact between the
adjacent rods is large that strengthens the material. Also, 0°/90° raster angle with on-edge
building orientation give maximum tensile and flexural strength. Flat building oreintation

built sample shown maximum flexural strength at 45° /-45° and also both flexural and tensile
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strength decrease increase with layer thickness because at a greater thickness, fewer layers
are causing less adhesion, resulting in a smaller tensile strength.

The interaction between Layer thickness and raster angle is complex and not clear for both
tensile and flexural strength. This complexity causes a difficult to decide the selection of them
together properly. It was shown that for both 30° /-60° and 45°/-45° raster angle by increasing
layer thickness tensile strength fluctuated (decrease increase), while for 0°/90° the tensile
strength decrease. In case flexural strength as shown in Figure 4.20 The interaction between
Layer thickness and raster angle for both 30°/-60° and 0°/90° raster angle by increasing
layer thickness flexural strength enhanced, while for 45°-45° the flexural strength fluctuated.

More research is required to understand and analyze this interaction in more detail.
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Figure 4.19: Main effect plot for SN ratio using minitab software for flexural strength
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4.7.1 Result of infrared imaging for FDM-3D printed PLA sample

in tensile tests

A tensile test was first carried out on PLA sample printed using variable combination of
relevant process parameters of a fused deposition method (Figure 3.18). Selected images
recorded during the experiment, corresponding to different stages of the stress-strain curve

previously discussed (Figure 3.16), are shown in Figure 4.21 to 4.26.

Figure 4.21: Thermal images obtained during tensile deformation PLA sample printed using
0.24mm layer thickness, upright building orientation and 45°/-45° raster angle.

Figure 4.22: Thermal images obtained during tensile deformation PLA sample printed using
0.24mm layer thickness, flat building orientation and 45°/-45° raster angle.

In this section to signify the effect of building orientation its important to compare Figure

4.21, 4.22 and 4.23 those printed using constant layer thickness and raster angle with vary
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building orientation. In this case as shown in Figure 4.21 the first three frames (Figure 4.21a~
¢), the sample is still in the elastic deformation regime and the final five frames (Figure 4.21d-

h),showed fracture regime. At breaking point the measured temperatures are slightly higher

Figure 4.23: Thermal images obtained during tensile deformation PLA sample printed using
0.24mm layer thickness, on-edge building orientation and 45°/-45° raster angle.

than room temperature (initial temperature of the sample prior to testing) and increase in
a homogeneous fashion across the sample. Temperature rises on the order of +1.6°C which
is very less compared to sample printed with flat and on-edge building orientation. Upright
building orientation built sample showed brittle fracture which It is often occur suddenly
and catastrophic rupture with little or no plastic deformation (necking) as well as absorb
less energy.

In Figure 4.22 the first three frames (Figure 4.22a-c) and in Figure 4.23 the first two
frames (Figure 4.23a-c), the sample is still in the elastic deformation regime which is build
in flat and on-edge building orientation respectively. The initial temperature of the sample
before testing is slightly above the temperature of the room, and the observed temperatures
rise uniformly throughout the sample. Frames collected in a later stage of the tensile stress
experiment (Figure 4.22d-f and Figure 4.23c-e) correspond to the necking stage, where lo-
calized deformations and important temperature increases occur. Since thermal exchanges
are substantially slower than the rate of heat release (adiabatic conditions), the temperature
rises locally. Temperature rises on the order of +10°C and +4°C for sample build in flat and
on-edge orientation respectively. Finally, frames collected for flat building orientation made
sample just before (g) and (h) the fracture point are shown in Figure 4.22, whereas on-edge

building orientation printed sample just before (f), (g) and (h) the fracture point are shown
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in Figure 4.23. Both flat and on-edge building orientation printed sample depicted ductile
fracture which failure occurs when a material deforms plastically and absorbs energy before
breaking.

In Figure 4.24 and 4.25 layer thickness is the only parameters variable among process
parameters selected in this study, where the raster angle and building orientation constant.
As shown in Figure 4.24, a hot spot was introduced in the top and bottom side of the gauge
section of the sample in which crack initiate and specifically increase stress concentration

at this location and initiate fracture at this point. = However in Figure 4.25, a hot spot

Figure 4.24: Thermal images obtained during tensile deformation PLA sample printed using
0.16mm layer thickness, flat building orientation and 0°/90° raster angle.

Figure 4.25: Thermal images obtained during tensile deformation PLA sample printed using
0.24mm layer thickness, flat building orientation and 0°/90° raster angle.

was introduced in the only at top side of the gauge section of the sample in which crack
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initiate and fracture happen. Temperature rises on the order of +4.5°C and +4°C for sample
build in 0.16mm and 0.24mm layer thickness respectively. Further more sample printed with
0.16mm layer thickness has less time than 0.24mm layer thickness which signify as increase

in layer thickness resulted in a increase in the tensile strength.

Figure 4.26: Thermal images obtained during tensile deformation PLA sample printed using
0.24mm layer thickness, flat building orientation and 30°/-60° raster angle.

In case raster angle compare Figure 4.22, 4.24 and 4.26 in which three of them printed
with different raster angle but the same building orientation and layer thickness. The three
figure depicted ductile fracture with different degree occurrence and place. Figure 4.22and
4.26 showed hot spot appeared at near center of gauge of sample which initiate the crack as its
time and temperature increase by order of +10°C and +8°C for 45°/-45° and 30°/-60° raster
angle respectively. However for 0°/90° raster angle showed less necking and highest time to

break. Generally 45°/-45° raster angle printed sample showed highest tensile strength.
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Chapter

Conclusion and Recommendation

5.1 Conclusions

In this work, the printing time, geometrical accuracy, tensile and flexural strength of PLA
samples fabricated by an FDM 3D printer was studied experimentally and also the influence
of process parameters on the tensile and flexural strength of the fussed deposition model-
ing processed parts with PLA were investigated by the means of ANOVA and the Taguchi
method. Different ranges of the three process parameters were analyzed: build orientation
(Flat, On-edge, Upright), layer thickness (Lt = 0.08, 0.16, 0.24) mm, and raster angle (
0°/90°, 30°/-60°,45°/-45° ). The results show that manufacturing cost is directly related
to layer thickness and building orientation, i.e., printing time decreases as layer thickness
decrease and also upright building orientation showed maximum building time. Average ac-
curacy percentage and standard deviation of the test results of the width and thickness for
the printed PLA samples for the tensile tests showed variations between specimens manu-
factured under different printing conditions in the range of w = [99.78, 92.50]%, t = [99.58,
91.25]%, respectively.

From the above results obtained by tensile and flexural testing using Shimadzu AGS-X
and analyzed result for mean value showed that building orientation has a significant effect on
tensile strength (88.837%), while raster angle has a smaller effect (0.33%). And also Flexural
strength is significantly influenced by building orientation, which contributes 77.347%, and
raster angle has the least influence, as does tensile strength. As the layer thickness increases
from 0.08 to 0.16 mm, tensile strength decrease but as the layer thickness increases above
0.16 mm tensile strength increase. For flexural strength, as the layer thickness increases

from 0.08 to 0.16 mm, increase but as the layer thickness increases above 0.16 mm flexural
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strength decrease. On-edge orientation showed the highest tensile strength, while the flat
and upright building orientations less than on-edge orientation about 26.53% and 62.186%),
respectively. Flexural strength decrease from Flat building to upright building orientation.
Flat building orientation has higher strength than on-edge and upright building orientation
by 10.15 % and 48.3% respectively. But there is no significant effect of raster angle on
flexural and tensile strength. The optimum parameters for tensile strength found were on-
edge building orientation, layer thickness L;= 0.08mm and 0°/90° raster angle combined.
As well as the optimum parameters for flexural strength were Layer thickness L; = 0.16mm,

flat building orientation and 30°/-60° raster angle.

Master Thesis 2023 76



5.2 Recommendation

According to the above studies, there is a certain direction that may need to be investigated

in the future.

e The Influence Of Process Parameters on hardness and shear strength and also high-
speed and high-definition infrared imaging for shear stress using the Telops FAST-IR
2K and Telops HD-IR cameras respectively

o Morphology of the parts to to highlight the properties of the parts produced with 3D
printing technology.

o The fracture profile of specimens after the tensile and flexural test using SEM images.

e The Influence Of Process Parameters on The Surface Roughness.
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