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ABSTRACT

An Experimental Investigation of Printing Speed, Layer Thickness, and Nozzle

Temperature on the Mechanical Properties of Silk-PLA Printed Specimens.

(August 2024)

Razaul Islam, B.Eng., Shenyang Aerospace University

Chair of Advisory Committee: Dr. Jaejong Park
Co-Chair of Advisory Committee: Dr. Xiaobo Peng

Fused Deposition Modeling (FDM) is a popular 3D printing technique used across
various industries. Choosing the right printing parameters is essential for ensuring the
overall quality and integrity of 3D-printed products. These parameters greatly affect the
quality and strength of 3D-printed items. The focus of this study was the influence of
printing parameters such as layer thickness, nozzle temperature, and printing speed on the
mechanical behavior of 3D-printed silk polylactic acid (PLA). Tensile tests were conducted
on a universal testing machine to analyze the mechanical behavior of the printed materials.
Moreover, Digital Image Correlation (DIC) analyses were utilized on the tested specimens
to determine the displacement and strain across the entire surface area. The test specimens
were printed with layer thicknesses of 0.1mm, 0.15mm, and 0.2 mm. The temperatures of
the nozzle used during printing varied from 200°C, 210°C, and 220°C, whereas print
speeds of 100 mm/s, 120 mm/s, and 140 mm/s were considered. The other printing
parameters were kept consistent for all specimens. The tensile specimen, adhering to

ASTM D638 standards, was designed using SolidWorks CAD software. In this study, the
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maximum UTS was observed at 40.68 MPa at 0.2mm layer thickness, 220°C nozzle
temperature, and 120mm/s print speed, whereas a layer thickness of 0.2mm, nozzle
temperature of 200°C, and print speed of 120mm/s demonstrated the lowest tensile stress,
measuring 25.79 MPa. The analysis of variance (ANOVA) indicated that the interaction
between layer thickness, nozzle temperature, and printing speed significantly affected the
tensile strength and Young's modulus of Silk-PLA. This study revealed that nozzle
temperature was the most critical parameter regarding the ultimate tensile strength and
Young's modulus, providing crucial insights for optimizing 3D printing parameters,
whereas DIC results showed comprehensive insights into the deformation and full field

strain distribution of the 3D-printed materials.

Index Terms- Additive manufacturing, FDM, mechanical properties, Silk-PLA, DIC.
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CHAPTER 1
INTRODUCTION

1.1. Motivation

The rapid advancement of technology in the 21st century has significantly
revolutionized various sectors, particularly in the realm of manufacturing. One such
groundbreaking technology is Additive Manufacturing (AM), commonly known as 3D
printing. Additive manufacturing produces a part layer by layer, which differs from
traditional manufacturing, like the CNC machining process that removes materials from
bulk materials. Due to this, 3D printing minimizes material waste and can print intricate
shapes, thereby conserving a significant amount of raw materials throughout the printing
process. 3D printing components have become widely used in industries including
biomedicine, aerospace, automotive engineering [1], civil engineering, food industry, and
SO on.

There are a total seven different types of 3D printed technology invented so far.
They are Directed energy deposition (DED), Sheet Lamination (SHL), Binder Jetting
(BJT), Vat Photopolymerization (VPP), Material Jetting (MJT), Material Extrusion
(MEX), Powder Bed Fusion (PBF) [2]. Vat Photopolymerization (VPP), which includes
processes like Stereolithography (SLA) and Material Jetting (MJT), are liquid-based

techniques, while the others are solid-based.

This thesis follows the style of the /EEE.



Among them, FDM is considered the most used technique, and it is predominantly
used for polymer-based materials. FDM systems operate by feeding filament into the
liquefier through a motor, where it is melted. Once the material is melted, deposits layer
by layer until a complete part is finished. One of the benefits of using the FDM technique
is its simplicity and flexible ability to fabricate products without creating a physical mold
tailored to the desired shape. Many studies have been conducted on various materials to
assess their suitability for use in FDM printing. However, PLA is frequently used as a
thermoplastic material because of its low cost and biodegradable properties, making PLA
a popular option for many applications.

In additive manufacturing (3D printing), printing parameters are considered one of
the most crucial factors in the creation of high-quality 3D printed products. The quality and
strength of 3D printed products can be greatly impacted by printing parameters, including
the nozzle diameter, thickness of layers, different infill patterns, extruder or nozzle
temperature, raster angle, and printing head speeds. By optimizing these parameters, the
3D-printed parts can have better surface quality, cost-effectiveness, and enhanced
mechanical performance.

1.2. Thesis Objective

Until now, many studies have revealed the process parameter optimization for FMD
3D printing, but there has been less emphasis on studying the mechanical properties of
Silk-PLA printed materials, and their deformation response was analyzed employing an
optical system known as a Digital Image Correlation (DIC) method. This study delved into
the mechanical response of 3D-printed Silk-PLA under varying processing conditions,

specifically focusing on three distinct settings. Three distinct layer thicknesses were



employed for the specimens. The nozzle temperatures used for printing were between
200°C and 220°C in 10°C increments, while the corresponding printing speeds were 100
mm/s, 120 mm/s, and 140 mm/s, respectively. To assess the mechanical behavior of the
specimens, tensile testing was performed with a universal testing machine, and each sample
of a total of 27 printing specimens was tested with a DIC.

By doing so, the research sought to establish a definitive correlation between the
process parameters and the mechanical strength of silk PLA materials. To identify the
printing settings that had the greatest influence on the Silk-PLA specimens, a statistical
analysis was conducted. The image-based strain analysis method known as DIC was
analyzed for the complete deformation and strain fields of a testing sample.

By understanding the FDM process parameters with silk PLA, this study aimed to
optimize printing parameters, which will lead to enhanced product quality, reduced costs,
and improved mechanical performance. Ultimately, these advancements will further
promote the widespread adoption of FDM technology and Silk-PLA materials in various

industries. The outline of the proposed research work is given in Fig. 1.

Layer Thickness UTS
Nozzle Temp. FDM Printing Tensile Testing + Young’s
DIC Modulus
Print Speed Strain

Fig. 1 Outline of proposed research work.



1.3. Road Map of the Thesis

This study is structured into five chapters, each addressing specific sections of the
thesis. Chapter 1 studied the introduction and objectives of this research, and Chapter 2
explains the literature review focusing on Fused Deposition Modeling (FDM), mechanical
characteristics analysis on FDM printed materials, and the recent application of digital
image correlation techniques. Further, Chapter 3 describes the methodology of research,
procedures for experimentation, collection of data, and statistical data analysis methods.
Chapter 4 delves into the Image correlation technique, experimental procedures, and the
analysis of DIC data. Finally, Chapter 5 summarizes the thesis findings, highlights the

uniqueness of this research, and suggests some future work.



CHAPTER 2
LITERATURE REVIEW
2.1. Additive Manufacturing

Additive Manufacturing (AM), or Rapid Prototyping, represents a revolutionary
approach to product development and manufacturing in the last few decades. AM debuted
in 1987 with the introduction of stereolithography (SL) by 3D Systems, and SLA-1 holds
the distinction of being the first commercial additive manufacturing (AM) system available
in history [3]. Initially, AM was dominated by American companies like Stratasys, 3D
Systems, and Z Corp, [2] but the AM landscape has expanded globally with significant
contributions from Europe, led by companies like EOS in Germany, and in 2012, Israel
company Objet joined with Stratasys Inc., becoming the largest manufacturing company
in the history of additive manufacturing [3]. Further, China developed a 3D printing system
that can produce large objects recently [4].

The advancements in additive manufacturing (AM) methods for creating small to
medium and large-scale scale during the last few decades revolutionized the manufacturing
industry. It has increasingly gained popularity because AM enables the creation of complex
and customized 3D objects directly from CAD data. It constructs complex parts layer upon
successive layers, removing the necessity for expensive tooling and minimizing material
waste. As a result, it significantly reduced the time and cost associated with traditional
manufacturing. Therefore, it has been utilized in various industries, with an emphasis on

fast production and iterative design processes.



2.2. Rapid Prototyping Process

3D printing, or rapid prototyping, utilizes a multi-stage process to transform CAD
models into physical objects shown in Fig. 2. The process begins with the design of the
initial 3D model in CAD software. The CAD model is then converted into
stereolithography (STL) format. Finally, the STL file is sent to the core program [2], with
each stage playing a crucial role in the 3D printing process.

Step 1 CAD Design: by using CAD software packages like AutoCAD, NX, and
SolidWorks the desired parts/ products can be drawn for 3D printing. Step 2 STL file
Generation: following that, the CAD file is converted and saved in the stereolithography
(STL) format. Using Cura software like Intamsuite, slice the 3D design parts and convert
them to G code to understand the 3D printer. The slicing software processes the 3D model
layer by layer, creating a toolpath for the 3D printer to follow. Step 3 File Transfer: the
converted STL file requires uploading to the 3D printer for the printing process. Step 4
Machine Setup: before starting the printing, bed auto-leveling, default bed temperature,
and some other printing setup would be done automatically. Before initiating the build
process, it is essential to configure additional build parameters. Step 5 Build: the nozzle is
designed to move freely along the X, Y, and Z axes within a designated build volume and
feed materials through one or multiple nozzles. The parts are built sequentially, with each
layer added according to the 3D CAD model and its stereolithography information. Step 6
Remove: after the 3D printed part is done, it should be taken out of the machine. Step 7
Post-processing: in some cases, post-processing steps like surface coating, smoothing,

support removal, etc., are necessary before using the 3D-printed part. Step 8 Application:



ready for use. However, some parts may need to be assembled with other parts to complete

the final part.

Fig. 2 Flow chart of different states involved in the 3D printing processes [2].
2.3. Fused Deposition Modeling (FDM)

Fused Deposition Modeling (FDM) was first invented by S. Scott Crump in 1988
and became popular with Stratasys Inc. [5]. FDM builds parts by depositing molten
filament layer-by-layer until the part is completed. Initially, the raw material is pushed
through the guided nozzle, as shown in Fig. 3(a) and (b), where it transitions from a

filament form to a semi-liquid state. Subsequently, the semi-liquid substance is applied

Fig. 3(a) Illustration of the FDM technique [6], (b) INTAMSYS Funmat HT FDM 3D printer.



over the former layer, then it cools down, hardens, and merges with the materials
around it. Once an entire layer has been applied, the platform holding the object lowers by
the thickness of one layer, allowing the printing of the subsequent layer until it completes
the full part [5]. Nowadays, due to material diversity, cost-effectiveness, user-friendliness,

and accessibility, FMD 3D printers have become more and more popular in many sectors.

2.4. Mechanical Properties Analysis of FMD Printed Material

Mechanical characteristics of materials produced through Fused Deposition
Modeling, including strength, stiffness, and impact durability, are crucial elements in
determining the structural integrity of the 3D printed parts. Therefore, numerous
researchers have undertaken various efforts to enhance the properties and quality of 3D-
printed parts. Several factors significantly impact the quality of a 3D-printed part. These
include layer thickness, nozzle temperature, printing speed, infill density, that is, how much
material is inside, build orientation, how the object is positioned during printing, raster
angle, direction of material lines within each layer, raster gap, spacing between the lines,
and so on. Therefore, the modification of FDM technique process parameters has been a
major focus of many researchers. For instance, R Murugan et al. [7] investigated to

determine how different parameters influence 3D-printed structures.

25 q
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Fig. 4 Stress-strain curve derived from a tensile testing [7].



Their investigation demonstrated that the layer height notably influences the
mechanical properties, as shown in Fig.4, and printing duration, whereas the temperature
of extrusion is vital for determining the elastic modulus.

Vaibhav Bhosale et al. [8] studied how process parameters affect mechanical
properties. According to their findings, layer height and infill percentage, as process
parameters, are vital for determining the strength and surface roughness. By printing with

a thinner layer thickness, FDM's tensile strength and surface roughness improved.

Fig. 5 Tensile stress vs different printing angle curves for different layer thicknesses [5].

Tianyun Yao et al. [5] analyzed FDM printed materials mechanical characteristics
at seven distinct angles and three different layer thicknesses of PLA. They discovered that
increased thickness of layer to 0.3 mm leads to lower tensile strength, as shown in Fig. 5.
The same conclusion was reported by V. Durga Prasada and coworkers [9], highlighting
that the optimal tensile strength was observed with a layer thickness of 0.1 mm. Lanzotti
and coworkers [10] investigated the influence of changes in layer thickness alongside other
process parameters and considered layer thickness between 0.1lmm and 0.2mm. By

analyzing various parameters, they predicted the optimum combinations that would yield
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the highest ultimate tensile strength and strain. Researchers like J.M. Chacén and his team
[11] revealed that thicker layers lead to improvement in mechanical properties. Moreover,
greater strength and stiffness were demonstrated by samples in on-edge and flat
orientations printed material, whereas those with upright orientations demonstrated the
weakest mechanical properties. Further, Magri and his team [12] examined how different
nozzle temperatures affect mechanical characteristics, as shown in Fig. 6. Their
observation was that the maximum tensile properties of PLA parts were achieved by

elevating the nozzle temperature to 230°C.

Fig. 6 The mechanical properties exhibited by natural PLA (left side) and carbon-fiber-reinforced
PLA (right side) are affected by different nozzle temperatures [12].

For FDM-printed PLA material, Maguluri et al. [13] suggest a nozzle temperature
of 220°C. This was supported by Alsoufi et al. [14] who set the nozzle temperature at
220°C for printing parts with 100% infill. The temperature of the nozzle is much more
significant and sensitive than its printing speed when considering the strength of printed
PLA specimens. When the nozzle temperature was raised from 180°C to 220°C, the highest

tensile strength was seen [15].
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Furthermore, the work by Yang et al. [16], and Heidari-Rarani et al. [17] supported
the significance of optimizing the printing speed for FMD 3D printing. Both of this
researcher’s investigations examined how the combination of FDM printing speed and
other parameters impact PLA printed materials and the conclusion has been reached that
optimizing printing speed is essential for achieving better mechanical properties in FDM-
printed PLA parts. Moreover, some researchers studied the feasibility of FDM printing
speed when it exceeded 100 mm/s for Polylactic Acid (PLA). Similarly, Nabavi-Kivi and
coworkers [18] reported that the most significant elongation and optimal tensile strength is
achieved through printing at 70 mm/s. In Napolitano et al's [19] research, they analyzed
the mechanical properties of PLA in a series of experiments that involved varying FDM
parameters, including printing speed at 110mm/s. According to their findings, as illustrated
in Fig. 7, a printing speed of 110 mm/s results in the highest tensile strength for PLA

materials.

Prinnng Speed T

Stress tN#mm‘)

') L L 1
G006 0.005 0.010 nis 0.0240 0025

Strain

Fig. 7 Stress-strain curve for three different printing speeds [19].

Nonetheless, according to tukasz Miazio et al. [20] and Mohammad Reza
Khosravani et al. [21], PLA materials tend to decrease tensile strength as printing speeds

increase. Another researcher, Rezaeian and his coworkers [22] examined printing speeds
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at four varying rates for ABS material. The most optimal results were obtained when
printing at a speed of 70 mm/s, exhibiting the highest elongation and fracture resistance.
Changes in raster layup and printing speed were investigated by Khosravani et al. [23] as
they fabricated 3D-printed parts. This study showed that increased raster angle resulted in
a decrease in the mechanical properties of the examined specimens. The orientation of the
raster considerably impacts the robustness of the specimen [21].

According to Mohammad Reza Khosravani et al. [23], the mechanical properties
are decreased when the raster angle is increased. Recent studies by Xinzhou Zhang et al.
[24] explained that the highest tensile strength shows the tensile specimens printed with 0°
raster angle, whereas the lowest is at 90° raster angle. Mohammed Algarni [25] investigated
how three distinct raster angles affect the mechanical behavior of PLA. Notably, their study
identified parts printed with a 90° raster angle exhibited a 36% increase in maximum tensile
strength compared to those printed with a 0° orientation.

Nozzle diameter significantly influences the 3D-printed parts. The most used
nozzle diameters in the FDM printer are 0.3, 0.4, 0.5, 0.6, and 0.8 mm, and they could be
altered according to the demand of the printed part. Sudin et al. [26] found that adjusting
the nozzle diameter can be a way to influence the mechanical strength of the printed part.
The head of the FDM 3D printer was tested with seven different printing nozzle diameters
studied by Wojciech Kinski and coworkers [27]. According to their finding, a 0.5 mm
nozzle diameter was the best choice for maximizing the printed material's strength, and
superior surface quality was observed as the printing nozzle's diameter increased, and the

printing time decreased.
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Fig.8 Part printed using a 0.4 mm nozzle, a) 20 % infill, and b) 40 % infill [28].

Buj-Corral and coworkers [28] studied how varying nozzle diameters and infill
densities influence, as shown in Fig.8, and concluded that with increasing the infill values,
pore size decreases, and the higher the nozzle diameter, the higher the pore size was
observed. In FMD 3D printing, building orientation significantly impacts its final strength
and functionality in FDM 3D printing. The arrangement of different angles can notably
influence mechanical properties like strength, durability, and dimensional accuracy.
Researchers conducted studies, such as Tianyun Yao et al. [5] studied the impact of seven
different angles, as shown in Fig. 9, and three-layer thicknesses on PLA materials,
concluding that the mechanical properties of the 3D printed material underwent significant
changes with variations in the printing angle. Moreover, in 2016 Mst Faujiya Afrose et al.
[29] found that the X direction (PLA-X) has a maximum tensile strength of 38.7 MPa

compared to the other two directions, Y and 45, respectively.
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Fig.9 Different build orientation of tensile specimens [5].

In 3D printing, infill describes the internal latticework that determines how densely
the material fills the inside of a printed object. The Percent of infill changes significantly
influences properties like mechanical strength, print time, and overall cost of the 3d printed
parts. Seol et al. [30] studied the infill of 25 %, 50%, 75%, and 100 % with different internal
shapes like line, lattice, concentric, crystal (I), and crystal (II) parts as shown in Fig. 10(a)
and (b). The study found that increasing infill density significantly strengthens the printed
part. They observed a 2.5 times increase in tensile strength (to 50 MPa) when using 100%

infill compared to 25% infill.

Fig.10 Infill of 25 %, 50%, 75%, and 100 % [30], and diffrent infill pattern [31].
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Moreover, in 2016 Miguel et al. [32] found that a change in the infill percentage
causes a change in the maximum tensile strength of the 3D printed parts, and the highest
tensile strength was found on 100 percent infill density. Recently, Gunasekaran and his
coworker [33] studied the PLA printed materials under different infill densities. They
conducted mechanical testing, and they asserted that the higher infill density resulted in
better mechanical properties. Mahmoud Moradi and his team [34] studied the different
infill patterns of FDM 3D-printed structures and determined that among various patterns
and found that a triangular infill pattern exhibits mechanical properties. Other researchers
like Christian Lubombo et al. [35] revealed that maintaining the same number of perimeter
shells while changing infill patterns could lead to a twofold increase in stiffness and an 82
percent boost increase in strength.

K.N. Gunasekaran et al. [33] and Kyoung-SU Seol et al. [30] studied FDM across
various infill percentages, and their findings indicated that a higher infill density of the
printed specimens led to a significant improvement in tensile strength. Chamil Abeykoon
and co-authors [36] examined the effects of different processing conditions along with
using PLA and ABS materials in 3D printing, as illustrated in Fig.11 (a) and (b). Their
research revealed that the maximum Young's modulus was obtained from 100% infill

density, and 215° C was the most suitable temperature for the PLA filament.
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Fig.11 a) Five different materials' tensile modulus, b) tensile modulus (MPa) for different infill
for PLA material [36].

M. Samykano and colleagues [37] looked into the consequences of varying
different process parameters. In general, tensile strength was enhanced through the
adoption of 0.5mm layer thickness, a raster angle set at 65°, and an infill level of 80%.
They concluded that the predicted optimized parameter combinations could lead to higher
tensile properties. Jodo Francisco et al. [38] recommended a higher infill density and

concluded that 60% of infill density has the best mechanical properties.

2.5. Digital Image Correlations

Digital Image Correlations (DIC) has made significant progress over the past 20
years due to the advantage of its non-contact approach. This is a novel method for
measuring major deformation or strain, but it is appealing because it can measure
displacement at numerous points distributed across the surface of the sample. The key
advantage of DIC over other techniques, such as laser-based methods, is its use of standard
white light sources, and a correlation algorithm is employed to trace the location of multiple

surface points in two consecutive images to measure displacement.
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After the CCD cameras are familiarized with image data, these images are stored
in a computer for analysis [39]. DIC analyzes the deformation mechanisms in various
materials, including metals, composites, polymers, wood, and biological materials [40]
[41] [42] to investigate the stress-strain deformation behavior of materials [43], assess
residual stresses [44] , fracture [45] [46]and study the progression of cracks [47]. Many
researchers have used the DIC alongside tensile testing [48]. For example, Kevin
Schnittker and his team [49] examined the uses of DIC for strain measurements and
highlighted the need for improved printing parameters. Zhuo Xu et al. [50] studied FDM
printed three different scales of PLA fabricated specimens' mechanical behavior. The
complete deformation and strain fields of a sample were measured using DIC. As per their
conclusion, specimens with downscaled displayed lower ultimate tensile strength and
decreased elongation at failure. Some researchers have successfully conducted experiments
using the DIC to examine the strain fields of composite materials [51] and transverse strain
and longitudinal strain [52].

Additive manufactured honeycomb structures created using different materials like
ABS and carbon fiber-reinforced polyamide had their strain behavior evaluated using
digital image correlation during tensile tests [53]. Schnittker [54] explored the accurate
strain measurement in large 3D-printed components. Using DIC, researchers have also
worked on creating a database detailing the structural performance of large polymer
additive manufacturing components [55]. Additionally, some other researchers examined
the cracking behavior of stainless-steel alloy across different 3D printing build orientations
[56]. Taking advantage of DIC, Y. H. Wang and his colleagues [57] investigated the sheet-

metal tensile test.
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Despite many studies being conducted to investigate the tensile properties of
different types of 3D-printed materials [58], minimal research has been conducted on
implementing DIC analysis with mechanical testing of Silk-PL A materials. Therefore, this
research aimed to examine the mechanical characteristics of Silk-PLA 3D-printed
materials by utilizing different process parameters. Fig. 12 (a) illustrates the DIC setup
with the MTS universal testing machine, and Fig. 12 (b) shows an illustration of the DIC

technique during the tensile loading condition.

(@) (b)

Fig.12 a) DIC set up with MTS Universal Testing machine, b) An illustration of the DIC
technique.

2.6. Uniqueness of this research

PLA, the most used material for FDM, offers many advantages, including
biodegradability, ease of processing, renewability, and commercial availability. However,
it also has certain drawbacks, such as brittleness and low thermal stability [59]. Silk PLA

maintains all the benefits of regular PLA while overcoming those drawbacks by producing
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prints that are stronger and more rigid than pure PLA. However, fewer studies have been
conducted on Silk-PLA. This study explored Silk-PLA instead of pure PLA materials with
high-speed printing parameters.

For PLA, printing speed is one of the critical parameters. When discussing the
specific print speeds of 120mm/s and 140mm/s, these are considered higher than the typical
printing speeds for normal PLA materials. In general, FDM 3D printers are considered for
the lower printing speeds [60]. Many research studies considered printing speeds to be less
than 100 mm/s [23][60] [61] [20] [62] [63] [13] [64]. Therefore, exploring higher printing
speeds, like 120mm/s and 140mm/s, can be valuable findings for PLA or Silk-PLA
materials by providing insights into the limits of certain types of materials and can help in

understanding the modifications in the printing speeds with other process parameters.
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CHAPTER 3

METHODOLOGY

In this chapter, the mythology process of this study is explained, which involves
multiple stages, as shown in Fig. 13. Starting from the CAD design of the tensile testing
specimen according to ASTM D638 tensile specimens to ensure reliable and standardized
results. The CAD file was saved in stereolithography (STL) format. Then, using Cura
software, such as Intamsuite, to slice 3D design parts and convert them into G code to
understand the 3D printer. The slicing software processes the 3D model layer by layer,
creating a toolpath for the 3D printer to follow. The converted STL file is transferred to the
3D printer machine. Setting up other fixed parameters as necessary before the build
process.

Printing parameters included three distinct layer thicknesses, L1-0.lmm, L2-
0.15mm, and L3-0.20mm, which were chosen for the specimens, nozzle temperatures
range from 200°C to 220°C (increasing by 10°C each time), and corresponding print speeds
of 100 mm/s, 120 mm/s, and 140 mm/s. This created 27 different printing parameter
combinations and a total of 135 tensile specimens. An MTS E42 universal testing machine
was employed to conduct the tensile tests on the specimens, and all 135 sample specimens'
raw data were collected. Digital image correlation analyses were conducted on each of the
27 unique tensile specimens. The final step involves evaluating the mechanical properties
through tensile testing and analyzing full-field strain and displacement values using DIC

data.
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Fig.14 Silk-PLA filament.

3.2. Fabrication of Test Specimen

Fig.15 a) ASTM D638 Type I Tensile testing specimens (units in millimeters) [67], b) CAD
design tensile specimens.

The tensile specimen was designed using SolidWorks software following the
specifications of ASTM D638 Type I, as shown in Figure 15 (b). Figure 15 (a) illustrates
the dimensions of the design specimens. The cross-section is 13 mm wide and 7 mm thick.

The gauge length is 50 mm, the total length is 165 mm, and the width measures 19 mm,
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respectively. Designing the 3D model was transformed into an STL file format, and Cura
software was utilized to convert it into G code before inputting it into the printer.

All specimens were fabricated using the FDM Intamsys FUNMAT HT 3D printer,
as shown in Fig. 16, and specifications are detailed in Table 1. The specimens were

fabricated with three distinct layer thicknesses L1-0.1mm, L2-0.15mm, and L3-0.20mm.

The extrusion or nozzle temperatures varied between 200°C and 220°C, increasing
by 10°C for each setting, and corresponding printing speeds were set at 100 mm/s, 120
mm/s, and 140 mm/s according to Table 2. The study utilized Silk-PLA material
throughout. Other parameters, such as the infill density of 100%, build plate temperature
of 40°C, raster angle of 45°, chamber temperature of 25°C, and the printing orientation,
are kept constant for all specimens according to Table 3. This resulted in 27 unique

combinations depicted in TALE IV, totaling 135 specimens.

Fig.16 INTAMSYS FUNMAT HT 3D Printer.



TABLE I

3D PRINTING MACHINE SPECIFICATION [68].

Printer Specifications

Extruder Single

Extruder Diameter 0.4mm

Layer Height 0.05-0.4mm

Print Speed 30-200mm/s

Filament Diameter 1.75mm

Build Volume 260*260*260mm

Dimensions 530*490*645mm

Heated-Plate Temperature | 160°C/320°F

(MAX)

Extruder Temperature | 450°C/842°F

(MAX)

Heated Chamber (MAX) 90°C/194°F
TABLE II

3D PRINTING PROCESS PARAMETERS AND LEVELS

Parameters Notation Level 1 Level 2 Level 3
Layer thickness L(mm) L1-0.1 L2-0.15 L3-0.2
Nozzle T(°C) T1-200 T2-210 T3-220
Temperature
Printing Speed P(mm/s) P1-140 P2-100 P3-120
TABLE III

CONSTANT PROCESS PARAMETER

Parameters Set value
Build plate temperature 40 °C
Chamber temperature 25°C
Raster angle 45°
Printing pattern Lines
Infill density 100%
Nozzle diameter 0.4 mm

24



TABLE IV
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LAYER THICKNESS WITH PRINTING PARAMETERS.

Sample Code Layer thickness (L) in Nozzle Printing Speed (P)in
No. mm Temperature(T) in mm/s
°C
1. L1T1P1 0.1 200 100
2. LIT1P2 0.1 200 120
3. LIT1P3 0.1 200 140
4. L1T2P1 0.1 210 100
5. L1T2P2 0.1 210 120
6. L1T2P3 0.1 210 140
7. L1T3P1 0.1 220 100
8. L1T3P2 0.1 220 120
9. L1T3P3 0.1 220 140
10. L2T1P1 0.15 200 100
11. L2T1P2 0.15 200 120
12. L2T1P3 0.15 200 140
13. L2T2P1 0.15 210 100
14. L2T2P2 0.15 210 120
15. L2T2P3 0.15 210 140
16. L2T3P1 0.15 220 100
17. L2T3P2 0.15 220 120
18. L2T3P3 0.15 220 140
19. L3T1P1 0.2 200 100
20. L3T1P2 0.2 200 120
21. L3T1P3 0.2 200 140
22. L3T2P1 0.2 210 100
23. L3T2P2 0.2 210 120
24. L3T2P3 0.2 210 140
25. L3T3P1 0.2 220 100
26. L3T3P2 0.2 220 120
27. L3T3P3 0.2 220 140
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Fig.17 a) Tensile Specimen in Intamsuit Software, b) 27 types of different parameters printed
tensile specimen.

All the tensile specimens were printed, as illustrated in Fig. 17(a). They were then
separated by plastic bags, as shown in Fig. 17(b). To prevent moisture from altering the

material properties, a silica gel packet was included in each plastic bag.

3.3. Selected Printing Parameters

3.3.1. Layer Thickness

In additive manufacturing, parts are created by adding material layer by layer. The
thickness of the layer, also known as its height, is a crucial parameter in additive
manufacturing. The different types of layer thickness shown in Fig. 18, determine the
resolution of the printed object and can significantly influence its mechanical properties,
surface finish, and printing time. Therefore, it essentially defines the vertical dimension of

each layer of material deposited during printing.
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Fig.18 Sample of three different layer thicknesses of 3D printed material, a) 0.05mm, b) 0.10mm,
and c) 0.15mm [69].

Many studies reveal that optimizing the layer thickness improves mechanical
properties in the final product [69]. It is found that smaller layer thicknesses significantly
enhance the material's strength for PLA-printed materials [9]. Tahseen Fadhil et al. [70]
revealed that the final product's strength and impact resistance are greatly influenced by
layer thickness. Yanping Liu and coworkers [71] noticed that the increased thickness of
the layer caused decreased tray strength and improved time efficiency without affecting
dimensional accuracy. However, discrepancies seem to be found in some of the results
obtained from the studies on the different layer thicknesses.

For instance, according to Rajpurohit and coworkers [72] higher tensile strength
was observed with a smaller thickness layer, J. Santhakumar et al. [73] also addressed the
same conclusion that increased layer thickness leads to lower tensile strength; however,
according to Sood et al. [74] initially increasing the thickness of the layers reduced tensile
strength, but further increases in thickness led to an improvement in strength. Therefore, a
thorough investigation of the FDM parameters like layer thickness is required to address
the disparity in results. The goal of this investigation was to determine the optimal layer
thickness for achieving the intended mechanical properties in 3D-printed PLA parts, using
insights from previous research and to clarify the connection between layer thickness, other

process parameters, and material strength. This research is unique in its aim of addressing
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discrepancies found in previous studies and improving our understanding of FDM printing

methods.

3.3.2. Nozzle Temperature

In FDM 3D printing, the nozzle temperature refers to the heat setting of the
extruder nozzle from which the filament is extruded onto either the build platform or
previous layers of the print. Figure 19 (a) shows the Intamsys Funmat HT 3D printer, and
Figure 19 (b) displays the Markforged X7 3D printer. Both 3D printers are equipped with
a 0.4 mm nozzle. Nozzle temperature in the FDM process directly influences both the

printing process itself and the quality of the printed object.

(a) (b)

Fig.19 a) Intamsys funmat HT 3D Printer with 0.4 mm nozzle, and b) Markforge X7 3D printer
with 0.4mm nozzle.

The temperature of the nozzle is much more significant and sensitive when
considering the strength of printed PLA specimens. Research suggests a potential link
between higher nozzle temperature and improved mechanical strength in PLA prints [75].
The nozzle temperature increased to 220°C, resulting in the tensile strength of PLA

materials reaching their peak, compared to a lower temperature of 180°C [15], and a nozzle
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temperature of 220°C is recommended for FDM-printed PLA material [13, 76]. Moreover,
Magri and his team [12] examined how different extrusion temperatures affect mechanical
characteristics. Their observation was that the maximum tensile properties of PLA parts
were achieved by elevating the extrusion temperature to 230°C. Therefore, this study
explored how three different nozzle temperatures affect the mechanical properties of Silk-
PLA printed materials in light of these findings. This study is crucial for the advancement
of 3D printing technology and for improving the quality of PLA-printed parts.
3.3.3. Printing Speed

Print speed defines the extruding nozzle's traveling speed along the platform, and
it greatly influences the quality of 3D-printed components. The printing speed can be
varied according to the different types of 3D printers, the type of material used, and the
complexity of the printed model. The traditional operating speeds of FDM 3D printers,
which are commonly used for PLA printing, are typically low, less than 100 mm/s [60].

For instance, researchers like AA Ansari et al.’s [61] study found higher tensile
strengths when the printing speed is higher, at 50mm/s, compared to lower tensile strengths
at 40mm/s. Until now, many researchers used a printing speed of below 100mm/s;
however, few researchers, like Napolitano et al. [19] analyzed PLA's mechanical properties
at a printing speed of 110mm/s. According to their findings, higher printing speed led to
the highest tensile strength for PLA materials. Therefore, exploring higher speeds is crucial
for understanding how PLA materials perform under conditions of increased velocity.
Expanding the research on higher printing speeds could result in enhanced material
properties, reduced printing times, and broader applications for PLA materials in 3D

printing.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1. Tensile Testing

The tensile test was conducted on an MTS E42 UTM as shown in Fig. 20 which
has up to 5 KN load capacity. The tensile test specimens were created following ASTM
D638 Type-I [77] guidelines. In each relevant orientation, five specimens were fabricated
for tensile testing. Data from these five samples were recorded, and the closest average
values were selected to determine the elasticity modulus and peak tensile strength. A total
of 135 specimens (Fig. 21) were tested at a constant speed of 5 millimeters per minute.
The MTS system was configured to automatically capture the raw tensile stress-strain data
in a comma-separated values (.csv) format. The UTS was assessed by measuring the peak
tensile stresses achieved during the tests, whereas the slopes of the tensile stress-strain

curves were utilized to calculate the elastic modulus shown in Table 5.

Fig. 20 MTS E42 Universal Testing Machine during tensile testing.
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TABLE V
RESULTS OF THE TENSILE EXPERIMENT

Sample Code Average Weight | Mean Tensile Strength Young's modulus (MPa)
No. (2) (MPa)
1. L1T1P1 19.74 31.95 877.09
2. LIT1P2 19.90 36.21 965.46
3. L1T1P3 20.30 34.03 874.29
4. L1T2P1 20.40 34.11 994.20
5. L1T2P2 20.86 36.51 1054.51
6. L1T2P3 20.52 32.67 893.71
7. LIT3P1 20.22 29.05 854.71
8. L1T3P2 20.90 35.49 1027.84
9. L1T3P3 20.50 36.09 998.32
10. L2T1P1 19.56 29.27 730.09
11. L2T1P2 20.46 37.48 981.22
12. L2T1P3 20.12 30.59 842.26
13. L2T2P1 20.90 31.61 890.23
14. L2T2P2 20.80 37.22 1001.89
15. L2T2P3 20.52 37.45 999.00
16. L2T3P1 20.66 36.91 982.06
17. L2T3P2 20.80 37.77 999.60
18. L2T3P3 20.74 37.48 920.42
19. L3T1P1 20.90 36.79 785.40
20. L3T1P2 20.00 25.79 687.84
21. L3T1P3 20.78 32.59 779.73
22. L3T2P1 20.78 36.23 900.71
23. L3T2P2 20.94 37.70 972.30
24. L3T2P3 21.22 35.87 1066.16
25. L3T3P1 21.16 32.72 828.71
26. L3T3P2 21.16 40.68 1041.69
27. L3T3P3 21.12 37.00 941.55

Table Representation symbol-

e Layer Thickness: L1- 0.Imm, L2-0.15mm, and L3- 0.2mm
e Nozzle Temperature: T1-200°C, T2- 210°C, and T3- 220°C

e Print Speed: P1- 100mm/s, P2- 120mm/s, and P3- 140mm/s
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Fig. 21 Twenty-seven (27) different parameters in a total of 135 fractured specimens after tensile
testing.

Fig. 22 Sample 1-9 Tensile Stress vs Strain graph (Layer thickness - 0.10mm).

Fig. 22 shows the Tensile Stress versus Tensile Strain graph for the first nine

specimen samples. According to ASTM standards, five specimens were printed in each
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orientation. The average values of those five samples were recorded, and one of the closely
averaged values of the five samples was plotted. For instance, in testing sample 1- L1T1P1,
the tensile strength of five samples is recorded as 30.959 MPa, 29.945, MPa 30.894, MPa,
32.973 MPa, and 31.95 MPa. The average of those values is 31.4 MPa. Therefore, the mean
tensile strength value of these samples was chosen 31.95MPa.

Another example is sample, 2- L1T1P2, in which tensile strength values are 36.978
MPa, 35.018 MPa, 36.21 MPa, 36.777 MPa, 35.06 MPa, and the average value is
36.0096MPa. Therefore, the mean value of these samples is 36.21 MPa was considered. In
Fig. 22, a thickness for each layer of 0.1 mm, a nozzle heat setting at 210 °C, and a printing
speed of 120 mm/s exhibited the maximum tensile strength at 36.51MPa. Similarly, two
other samples such as LI1T1P2 and L1T3P31 also demonstrated the tensile stress around
36 MPa. However, where thickness for each layer of 0.1mm, the nozzle heat setting at 220
°C, and the print speed of-100mm/s recorded the lowest tensile strength of 29.05 MPa

compared with the other eight samples.
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Fig.23 Sample 10-18 Tensile Stress vs Strain graph (Layer thickness- 0.15mm).

Fig. 23 shows the plot of nine samples with a fixed layer thickness of 0.15 mm.
Each sample plot graph value was taken with the close average value of the five samples.
Sample 18- L2T3P2, where L2 is set at 0.15 mm, T3 is adjusted to 220 °C, and P2 is 120
mm/s, has the highest tensile strength of 37.77 MPa and several other samples, including
L2T1P2, L2T2P2, L2T2P3, and L2T3P3 exhibits the similar tensile strength levels, all
hovering around 37 MPa. The lowest tensile strength was observed in these nine samples
at testing sample 10- L2T1P1when layer thickness, L2- 0.2mm, nozzle temperature T1-
200 °C and printing speed, P1-100mm/s at 29.27MPa, which is approximately 22.47%

lower than higher tensile strength at sample 17.
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Fig. 24 Sample 19-27 Stress vs Strain graph (Layer thickness- 0.2mm).

Fig. 24 displays a 0.2 mm fixed-thickness sample. Each sample plot value was
derived from the close average of five samples. As shown in Fig. 24, testing sample 26,
denoted as L3T3P2 (L3: 0.2mm, T3: 220°C, P2: 120mm/s), achieved a tensile strength of
40.68 MPa, the highest value among all the samples tested. In contrast, sample 20 (see Fig.
25) labeled L3T1P2 (L3- 0.2 mm, T1- 200 °C, and P2- 120 mm/s) demonstrates the lowest
tensile strength, measuring 25.79 MPa, which is approximately 36.60% lower than that of
sample 26 which is shown in Fig. 26. In both samples, a significant change in mechanical
properties was noticeable by altering the nozzle temperature by 20°C, even with the same
layer thickness and printing speed, 0.2 mm and 120mm/s, respectively. As observed, the
higher temperature in sample 26 would most likely enhance the bonding between the
layers, resulting in a higher tensile strength which agrees with [78] [79]. Moreover, this
emphasizes the importance of optimizing printing conditions to achieve 3D printed parts'

desired strength and reliability.



Fig. 25 Tensile Stress vs Strain Curve for the Specimen- L3T1P3 with the lowest UTS.

(|

Fig. 26 Tensile Stress vs Strain Curve for the Specimen- L3T3P2 with the highest UTS.
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Fig. 27 Tensile Strength (MPa) vs Sample Number graph.

Fig. 28 Young’s Modulus (MPa) vs Sample Number graph.
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Based on the data in Table 3, Fig. 27 demonstrates that there is significant variation
in tensile strength among the 27 samples, with values ranging from 25 MPa to 41 MPa. A
significant change in mechanical properties was observed between sample 20, with the
lowest tensile strength, and sample 26, with the highest tensile strength. Moreover, Fig. 28
depicts Young’s modulus values for 27 tested samples. The highest Young’s modulus value
of 1066.16 MPa was recorded for sample 24, which is approximately 55% higher than the

lowest value of 687.84 MPa for sample 21.

4.2. Optimizing the Printing Parameter

DOE, or Design of Experiment, utilizes statistical analysis to better grasp the
combined effects of each factor in the experimental setup. The outcomes or processes of
these experiments are typically influenced by multiple input parameters or factors. This
study explored the effect of printing parameters on Silk-PLA's mechanical properties using
MINITAB 17 software, and response surface methodology (RSM) was also performed.
4.2.1. Analysis of Variance for Ultimate Tensile Strength

Analysis of Variance, commonly referred to as ANOVA, is a statistical approach
used to examine variations between the mean values of groups within a sample. It is
frequently used to compare three or more groups to identify whether there are statistically
significant variances among them. An ANOVA table analyzes how three printing settings
affect Silk-PLA's tensile strength, with all obtained data falling within the 95% confidence

interval.
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ANALYSIS OF THE VARIANCE TABLE FOR ULTIMATE TENSILE STRENGTH

Source DF Adj SS Adj MS F-Value P-Value
Regression 3 319.03 106.342 16.71 0.000
L 1 109.46 109.465 17.20 0.000
T 1 180.09 180.091 28.30 0.000
P 1 29.47 29.4471 4.63 0.033
L*L 1 87.30 87.300 13.72 0.000
N*N 1 81.65 81.646 12.83 0.000
P*P 1 215.14 215.130 33.81 0.000
L*N 1 92.37 92.374 14.52 0.000
L*P 1 17.99 17.988 2.83 0.095
N*P 1 41.78 41.781 6.57 0.012
Error 125 795.41 6.363

Total 134 1650.65

DF (Degrees of Freedom); Adj SS (Adjusted Sum of Squares); Adj MS (Adjusted Mean

Square); F-Value (F statistic); P-Value (Probability value)

Table 6 shows ANOVA in the tensile test results section in the MINITAB, and in
the source column L represents Layer Thickness, T stands for Nozzle Temperature, and P
denotes Printing Speed. The p-value, or probability value, revealed the significant
influence of parameters on the output, in this case, ultimate tensile strength. The process
parameter statistical significance is indicated by a p-value less than 0.05 [80] [81]. From
the Table, it is indicated that Layer Thickness (L) and Nozzle Temperature(T) have a
probability value of 0.000 and 0.000, which is less than 0.05 and this is considered the
statistically significant parameter for ultimate tensile strength. Print Speed has a higher p-
value of 0.033 which is less significant to tensile strength. From Table 6, it is noticeable

that all parameters, except for L*P, have p-values below 0.05.
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4.2.1.1. Main effect plot for UTS

From experimental data, the maximum tensile strength, recorded at 40.68 MPa, was
achieved with L2- 0.2mm, T3- 220°C, and P2- 120mm/s. Fig. 29 depicts a main effects
plot illustrating the variations in Ultimate Tensile Strength (MPa). The process parameters
are displayed on a horizontal axis, while the mean Ultimate Tensile Strength is shown on
the vertical axis as shown in Fig.b29. The trend line for the layer thickness is nearly
horizontal; therefore, there is no statistically significant impact of layer thickness on UTS
within the range examined. However, the nozzle temperature trend line displays a positive
slope, suggesting that an upward trend in UTS was observed with increasing nozzle

temperature (200°C to 220°C). This relationship is statistically significant.

Main Effects Plot for Ultimate Tensile Strength(MPa)

Data Means
Layer Thickness(mm) Nozzle Temperature(°C) Print Speed(mm/s)
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Fig. 29 A main effects plot illustrating the variations in Ultimate Tensile Strength (MPa).
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The slope line for printing speed is slightly positive, with tensile strength peaking
at 120 mm/s. However, when the printing speed is increased to 140 mm/s, the tensile
strength drops sharply, falling below the mean value. The conclusion drawn is that at a
temperature of 220°C (T3) and a printing speed of 120 mm/s (P2), Silk-PLA exhibits higher
tensile strength.
4.2.1.2. Residuals plot for UTS

The normal probability plot and the histogram are used to test the assumption of
normality of the residuals. Fig. 30 (a) plot shows that the residuals mostly follow the line
and have a mean close to zero. It means that the residuals are approximately normally
distributed. Fig. 30 (¢) histogram plot provides the visual representation of the distribution
of residuals. The plot of residuals versus fits Fig. 30 (b) helps assess the validity of the
assumption regarding the constant variance of the residuals, and the absence of a pattern
indicates that the residuals are likely independent. There has been no unexpected change

in residuals over time, as revealed by the plot Fig. 30 (d) residuals versus observation order.
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Residual Plots for Ultimate Tensile Strength(MPa)
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Fig. 30 Residual plot of ultimate tensile strength at 95% confidence interval a) Normal plot for
residuals, (b) Versus fits plot for residuals, (¢) Histogram plot for residuals, and (d) Versus order

plot for residuals.



43

4.2.1.3. Interaction Plot for UTS

The interaction plot is a powerful tool for identifying how multiple factors influence
a response variable simultaneously. Fig. 31 presents an interaction plot, visualizing how
three printing parameters influence the average tensile strength (MPa) of Silk-PLA
materials. In an interaction plot, parallel lines indicate the absence of any interaction,

whereas different slope lines indicate that interaction might be present.

Interaction Plot for Ultimate Tensile Strength(MPa)
Data Means

200 210 220

Layer
35.0 Thickness(mm)
0.10

125 ) 0.15
E Layer Thickness(mm) 0.20

30.0
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35.0 Temperature(°C)

200

210
Nozzle Temperature(°C) 325 220

30.0

Print
35.0 Speed(mm/s)
100

120
325 Print Speed(mm/s) 140
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0.10 0.15 0.20 100 120 140

Fig. 31 Interaction Plot between the three printing parameters.

The top-left graph in Fig. 31 shows a noticeable correlation between the layer
thickness and nozzle temperature. The tensile strength alters with different nozzle
temperatures as layer thickness changes from 0.1lmm to 0.2mm, except for the 0.1mm

thickness, which has a lower tensile strength. The ultimate tensile strength will increase
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with an increase in the nozzle temperature in this case and reach the maximum when the
layer thickness is at 0.15mm with a nozzle temperature of 220°C.

Using the middle graph in Fig. 31, tensile strength varies with temperature changes.
However, there is a significant interaction exists between layer thickness and nozzle
temperature. Therefore, it is difficult to conclude which parameters have the most
influence. Generally, a higher temperature of 220°C with a layer thickness of 0.15 mm
results in a tensile strength of over 35 MPa.

Using the bottom graph Fig. 31, it is noticeable that increasing print speed to 140
mm/s seems to reduce tensile strength across most conditions, but mostly parallel lines
indicate the absence of any interaction in these two Figs. Nonetheless, the plot suggests
that 120 mm/s print speeds might be beneficial for maximizing tensile strength to more
than 37MPa, particularly at a print speed of 120mm/s and nozzle temperatures of 210°C.
4.2.1.4. Contour Plots for UTS

Contour plots, or level plots, allow data visualization in three dimensions on a two-
dimensional surface. These plots were created using MINITAB software to investigate the
relationship between tensile strength and three selected process parameters. The contour
plots are shown in the subsequent images. Contour plots provide a clear visual
representation of how specific selected parameters and any parameters between specific

parameters can impact the tensile strength.



45

Contour Plot of UTS (MPa) vs Nozzle Temperature (°C), Layer thickness (mm)
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Fig. 32 Contour Plot of UTS (MPa) vs Nozzle Temperature (°C), Layer thickness (mm).

For instance, in Fig. 32, the contour plot of Ultimate Tensile Strength (MPa) as a
function of Nozzle Temperature (°C) and Layer Thickness (mm), with the printing speed
fixed at 120 mm/s. The layer thickness (L) is considered between 0.10 mm and 0.20mm,
but using the contour visual plots, one can delve into alternative layer thicknesses such as
0.12mm or 0.18mm and nozzle temperature between 205 °C and 215 °C finding the
ultimate tensile strength of this range. By maintaining a moderate speed of 120 mm/s while
adjusting the temperature between 213°C to 219°C and using a moderate layer thickness

of 0.16 above, a higher tensile strength can be obtained.
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Contour Plot of UTS (MPa) vs Print Speed (mm/s), Layer Thickness (mm)
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Fig. 33 Contour Plot of UTS (MPa) vs Print Speed (mm/s), Layer Thickness (mm).

Referring to Fig. 33, the contour plot that illustrates UTS (MPa). This plot explores
how UTS is affected by both Print Speed (mm/s) and Layer Thickness (mm). It is important
to note that the nozzle temperature for this specific plot is fixed at 210°C. Fig. 33 shows
that a printing speed of 120 mm/s in conjunction with a layer thickness of 0.14 mm and
higher ultimate tensile strength were observed at more than 37 MPa. Conversely, at lower
print speeds like 100 mm/s and higher speeds like 140 mm/s, using a layer thickness of

around 0.1 mm results in tensile strengths of 32 MPa or lower.



47

Contour Plot of UTS vs Print Speed (mm/s), Nozzle Temperature (°C)
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Fig. 34 Contour Plot of UTS (MPa) vs Print Speed (mm/s), Nozzle Temperature (°C).

Referring to Fig. 34, the contour plot illustrates UTS (MPa). This plot explores how
UTS is affected by both print speed (mm/s) and nozzle temperature (°C). It is important to
note that the value of the layer thickness holds at 0.15mm. It shows that with nozzle
temperatures ranging from 210°C to 220°C and printing speeds between 110 mm/s and 130

mm/s, the ultimate tensile strength can exceed 37 MPa.
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4.2.1.5. Surface Plots for UTS

Surface plots are graphical representations in three dimensions that are utilized to
illustrate the correlation between a fixed variable, which is the dependent variable, and two
additional independent variables. Figs. 35-37 provide comparable depictions of the
outcomes derived from the response surface methodology (RSM) analysis within a three-
dimensional plane. These planes exhibit the impact of two variables on the ultimate tensile

strength while concurrently maintaining the average value of the third variable.
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32
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Print Speed(mm/s)
015 100
0.20

Layer Thickness(mm)

Fig. 35 Ultimate Tensile Strength (MPa) in a 3D surface plot vs Print Speed (mm/s), Layer
Thickness (mm).

Fig.35 shows the Surface Plot of UTS (MPa) vs Print speed (mm/s) and Layer
Thickness(mm) when the nozzle temperature is constant at 210 (°C). Print speed and layer
thickness are independent variables, representing the horizontal axes, whereas the vertical

axis represents the UTS in MPa. In this three-dimensional plane, it is evident that L2 (layer
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thickness) -0.15 mm combined with P2 (printing speed)- 120 mm/s results in an increase

in tensile strength.
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Fig. 36 Ultimate Tensile Strength (MPa) in a 3D surface plot vs Nozzle Temperature(°C), Layer
Thickness(mm).

For instance, Fig. 36 shows the Surface Plot of UTS when the print speed is constant
at 120mm/s. nozzle or extruder temperature and layer thickness are independent variables,
representing the horizontal axes, whereas the vertical axis represents the UTS in MPa. The
ultimate tensile strength (UTS) remains highest when the layer thickness is set to 0.15mm.

Then, increasing the layer thickness to 0.2mm decreases the UTS to around 32MPa.
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Fig.37 Ultimate Tensile Strength (MPa) in a 3D surface plot vs Print Speed (mm/s), Nozzle
Temperature(°C).

Fig. 37 shows the 3D Surface Plot of UTS vs T (°C) and P (mm/s) when holding
Layer Thickness at 0.15mm. The horizontal axis is represented by Print speed (mm/s), and
Nozzle Temperature (°C), while the vertical axis represents the UTS in MPa. The
relationship between nozzle temperature, print speed, and the material's ultimate tensile
strength (UTS) is evident in this plot. Increasing the nozzle temperature to 220°C leads to
a noticeable rise in UTS. Similarly, UTS reaches a peak value at a print speed of around

120 mm/s.
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4.2.2. Analysis of Variance for Young’s Modulus

TABLE VII
ANALYSIS OF THE VARIANCE TABLE FOR YOUNG’S MODULUS

Source DF Adj SS Adj MS F-Value P-Value
Regression 3 92139 30713.0 6.38 0.004
L 1 15963 15863.3 3.32 0.086
T 1 63786 63786.4 13.25 0.002
P 1 12389 12389.5 2.57 0.127
L*L 1 413 412.9 0.09 0.773
N*N 1 37717 37717.2 7.84 0.012
P*P 1 31589 31588.8 6.56 0.020
L*N 1 12999 12998.8 2.70 0.119
L*P 1 4497 4496.9 0.93 0.347
N*P 1 692 691.8 0.14 0.709
Error 17 81818 4812.8

Total 26

L=Layer Thickness; P = Nozzle Temperature; P = Print Speed

ANOVA analysis was carried out on Young's modulus to gain insight into the
importance of the process parameters. The p-value, also known as the probability value,
serves to assess the significance of the influence that parameters have on the output
variable, specifically on Young’s modulus. From Table 7, layer thickness (L) has a
probability value of 0.086, and printing speed (P) has a probability value of 0.127.
Therefore, both layer thickness and printing speed had p-values higher than 0.05, indicating
they do not have a significant impact on Young's modulus under the conditions studied.
However, the nozzle temperature, as denoted as a T, has a probability of 0.002 which is
less than the considered P value of 0.05 and has a significant parameter for the Young’s
modulus of the material. From Table 7, it can be seen that other combined parameters,

except for N*N and P*P, have p-values more than 0.05.
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4.2.2.1. Main effect plot for Young’s Modulus

Main Effects Plot for Young's Modulus (MPa)
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Fig. 38 A main effects plot illustrating the variations in Young’s modulus.

A main effects plot illustrating the variations in Young’s modulus is given in Fig.
38. As layers thicken from 0.10 mm to 0.20 mm, the graph indicates a decrease in the
average Young's Modulus value. The thickness of the layer was 0.10mm, which led to the
observation of the best Young's Modulus. It is observed that nozzle temperature
significantly affects Young’s modulus, i.e., when nozzle temperature increases 200°C to
210°C, it has the highest Young’s modulus, but it drops gradually when nozzle temperature
increases to 220°C. Therefore, the nozzle temperature increases to 210°C, which can
significantly increase the young’s modulus. The correlation between the printing speed and

Young's Modulus demonstrates an initial rise as the printing speed increases from 100
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mm/s to 120 mm/s, subsequently decreasing at 140 mm/s printing speed and reaching close

to the mean value.

4.2.2.2. Residuals plot for Young’s Modulus

Residual Plots for Youngs Modulus(MPa)
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Fig. 39 plot of Young’s Modulus at 95% of confidence interval; (a) Normal plot for residuals, (b)
Versus fits plot for residuals, (¢) Histogram order plot for residuals, and (d) Versus order plot for
residuals.

Fig. 39 (a) The normal probability plot and (c) the histogram plot, which provides
a visual representation of the distribution of residuals, shows that the residuals are
relatively normal and have a mean close to zero. It means that the residuals are
approximately normally distributed. The residuals are shown in plot (b) against the fitted
values. The ideal outcome for this plot is to have no discernible pattern, which indicates

that the model's predictions are consistent across all values, and according to the plot of
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residuals versus observation order (d), there have been no unexpected changes in residuals
over time.
4.2.2.3. Interaction Plot for Young’s Modulus

The interaction plots for Young’s modulus, as a function of significant parameters
considered in this study, are shown in Fig. 40. In an interaction plot, parallel lines indicate
the absence of any interaction. A line with different slops line indicates that there might be

interaction present.

Interaction Plot for Young's Modulus(MPa)
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Fig. 40 Interaction Plot between the significant parameters.

The top-left graph in Fig. 40 reveals a strong interaction between layer thickness
and nozzle temperature on Young's modulus (material stiffness). Interestingly, the
combination of a 0.10mm layer thickness, 210°C nozzle temperature, and 120mm/s print

speed yields the highest stiffness as shown in the graph. The middle left and right graphs
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consistently show that a 200°C nozzle temperature results in the lowest Young's modulus
compared to 210°C and 220°C. Using the bottom-left graph, it can be concluded that a
printing speed of 120 mm/s and nozzle temperature of 220°C has a similar Young’s
modulus value and a layer thickness of 0.lmm. Additionally, in the graph below, it's
evident that print speed and nozzle temperature have a very small effect, as seen by the

nearly parallel lines.

4.2.2.4. Contour Plots for Young’s Modulus

Contour Plot of Y.M. vs Nozzle Temperaute(°C), Layer Thicknes
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Fig. 41 Contour Plot of Young’s Modulus (MPa) vs Nozzle Temperature (°C), Layer
Thickness(mm).

Contour plots, or level plots, allow data visualization in three dimensions on a two-
dimensional surface. These plots, Fig. 41-43 were created using MINITAB software to
provide a clear visual representation of how specific selected parameters and any

parameters between specific parameters can impact Young’s modulus. For instance, Fig.
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41 is a contour plot that shows Young's Modulus (material stiffness) in MPa as it varies
with Nozzle Temperature (°C) and Layer Thickness (mm). In this specific plot, the printing
speed is fixed at 120 mm/s. The key takeaway from the lower left corner of the graph is
that a combination of a lower layer thickness (0.1mm) and a higher nozzle temperature

(around 205°C) leads to a high Young's Modulus, exceeding 1000 MPa.

Contour Plot of Y. M. vs Print Speed(mm/s), Layer Thickness(mm)
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Fig. 42 Contour Plot of Young’s Modulus (MPa) vs Print Speed(mm/s), Layer Thickness(mm).

Fig. 42 presents a contour plot visualizing Young's Modulus (MPa) as it is affected
by Printing Speed (mm/s) and Layer Thickness (mm). In this case, the nozzle temperature
is fixed at 220°C. The plot reveals that a higher Young's Modulus can be achieved with a
printing speed between roughly 105mm/s and 137mm/s. Additionally, it is evident that

Young's Modulus decreases as the layer thickness increases.
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Contour Plot of Y.M. (MPa) vs Print Speed (mm/s), Nozzle Temperature (°C)
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Fig. 43 Contour Plot of Young’s Modulus (MPa) vs Print Speed (mm/s), Nozzle Temperature
(°0).

Fig. 43 shows a contour plot that maps Young's Modulus (material stiffness in MPa)
across variations in Print Speed (mm/s) and Nozzle Temperature (°C). In this plot, the layer
thickness is held constant at 0.15 mm. Interestingly, the plot suggests that the most
favorable combination for achieving a high Young's Modulus is a higher nozzle
temperature (215°C) paired with a moderate print speed (approximately 120 mm/s

to130mm/s).
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4.2.2.5. Surface Plots for Young's Modulus

The correlation between a fixed variable and two additional independent variables
can be depicted using surface plots, which are graphical representations in three
dimensions, provided by Figs. 44-46. These plots demonstrate how two variables affect
Young’s modulus, while simultaneously keeping the average value of the third variable

constant.
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200 P ( /%)
210 100
220

Nozzle Temperaute(°C)

Fig. 44 Young's Modulus (MPa) in a 3D surface plot vs Print speed (mm/s), Nozzle Temperature
(°C).

Fig. 44 visualizes Young's Modulus (MPa) in a 3D surface plot to show how it
changes in relation to both Print Speed (mm/s) and Nozzle Temperature (°C). In this graph,
the layer thickness is fixed at 0.15mm. Print speed and nozzle temperature are adjustable
settings (independent variables) shown on the horizontal axes. The vertical axis represents

Young's Modulus, measured in Megapascals (MPa). In Fig. 44, it is noticeable that
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increasing the nozzle temperature to 210 °C and print speed to 120mm/s at horizontal axes

result in a higher Young's Modulus value.

1000
Modulus (MPay00 Hold Values
Y- Modulus (MPa Print Speed(mm/s) 120
890

015 220

Layer Thickness(mm) 210

0.20
200 Nozzle Temperaute(°C)

Fig. 45 Young's Modulus (MPa) in a 3D surface plot vs Nozzle Temperature (°C), Layer
Thickness (mm).

The example of Fig. 45, illustrates that Young's Modulus varies with nozzle
temperature (°C) and layer thickness (mm) while the print speed holds at 120mm/s. The
data suggests thicker layers lead to a noticeable decrease in Young's Modulus. However, a
higher nozzle temperature can counteract this effect, and result in a higher Young's

Modulus.
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Fig. 46 Young's Modulus (MPa) in a 3D surface plot vs Print Speed(mm/s) Layer Thickness
(mm).

Fig. 46 presents a 3D surface plot visualizing Young's Modulus (material stiffness
in MPa) as it is affected by both Print Speed (mm/s) and Layer Thickness (mm). In this
plot, the nozzle temperature is fixed at 210°C. The horizontal axes represent the printing
parameters: speed (mm/s) on one axis and layer thickness (mm) on the other. The vertical
axis represents the resulting Young's Modulus value in MPa. According to Fig. 46, if a
decrease in layer thickness and print speed increases, the value of Young’s modulus will
increase as well. The data appears to show a positive correlation between print speed and

thinner layers with increased material stiffness, as measured by Young's Modulus.
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4.3. DIC Experiment

DIC is a widely used technique for measuring 2D and 3D displacement fields [82].
It has experienced a growing trend in its application in mechanical characterization [83]
under various loading conditions, providing comprehensive insights into the deformation
and strain distribution of the materials [84]. Furthermore, the combination of tensile test
results with DIC data has enabled the approximation of in-plane elastic properties, and
Poisson ratio, providing a holistic understanding of material behavior under tensile loading
conditions [85]. Therefore, this study uses DIC during tensile testing to measure the major

minor strain values and displacement. The DIC process is outlined shown in Fig. 47 below.

Experimental
3D Printing Sampl.e setup & Im? 8¢ Data Analysis
preparation Camera Acquisition
calibration
(a) (b) (©) (d) @)

Fig. 47 DIC process is outlined. From left, (a) Tensile specimens printed by FMD, (b) Create
white and then black speckle pattern on the specimens, (¢) Equipment set up and camera
calibration by using a Calibration Panel, (d) image capture by using GOM snap software, and (e)
data analysis with GOM correlate software.

4.3.1. 3D Printing for DIC

Following ASTM D638 standards, tensile specimens were created using an FDM
3D printer. The printing process utilized three different layer thicknesses: L1-0.1 mm, L2-
0.15 mm, and L3-0.2 mm. The nozzle temperatures varied between 200°C and 220°C,
increasing by 10°C for each setting. Corresponding printing speeds were set at 100 mm/s,

120 mm/s, and 140 mm/s. This resulted in 27 unique combinations, totaling 135 specimens.
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Of these, 27 were specifically prepared for tensile testing combined with Digital Image
Correlation (DIC) analysis.
4.3.2. Sample Preparation

To perform a tensile testing experiment utilizing digital image correlation, it is
imperative to initially meticulously and attentively prepare the samples. The process of
sample preparation holds significant importance as it directly affects the precision and
dependability of the results obtained from the tensile testing [86]. To enable the
implementation of digital image correlation, at first, a background of white was spray
painted on the tensile specimens, and then a black speckle pattern was applied to the
specimens for high-speed camera identification, shown in Fig. 48 (a) and (b). In this study,
out of 135 sample specimens, 27 were specifically prepared with a white and black speckle

pattern for DIC analysis.

Fig. 48 a) A white base coat is first applied using an acrylic spray, b) Light black paint is sprayed
to a crated speckle pattern. This speckle pattern is traced in DIC to capture the strain field.
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4.3.3 Experimental Setup
4.3.3.1. DIC Equipment

The experimental setup of DIC, depicted in Fig. 49 consists of two CCD cameras
at ARAMIS GOM GmbH, Germany. These cameras were arranged at an angle of 25°
relative to each other and those are equipped with lens XENOPLAN 2.0/35-0903
(mvBlueFOX3, Germany) with a focal length of 35 mm. The calibration setup included a

Calibration Panel Type /SN CP 40/170.

Fig. 49 DIC experimental setup.
4.3.3.2. DIC Software

GOM Snap, a 2D software, processed through GOM Correlate, is used to capture
images during tensile testing. In contrast, GOM Correlate has been utilized to analyze
digital images to determine material properties and validate and optimize numerical
simulations. The GOM correlation software tracked how black and white dots moved on

the X and Y axes and computed the associated strains.
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4.3.3.3. Camera Calibration

This dual-camera arrangement is essential for 3D DIC systems because they enable
the system to calculate 3D displacements and strains across the entire test object by
analyzing the perspective differences between images taken from the two cameras. Here,
Fig. 50 interface shows views from a left and right camera focusing on the Calibration
Panel. The two cameras' slider distance is 178 mm, and the working distance between the

calibration panel is 480mm.

Left Camera Right Camera

Fig. 50 Left and Right camera calibration before the DIC experiment process.
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Left Camera Right Camera

Fig. 51 False color image of left and right camera.

Fig. 51 shows views from a stereo DIC system's left and right cameras. The false
color overlay indicates that the system analyzes the calibration quality across the field of
view from both perspectives. In calibration, these colors may represent the deviation from
expected positions or the quality of the calibration and can help in assessing the quality of
the calibration by visually representing the discrepancies or errors between the observed
and expected positions of a calibration target or a speckle pattern. During the calibration
phase, two cameras capture images of calibration positions from nine different positions or

angles, as shown in Fig. 52.



Setting-01 Setting -02 Setting -03
Setting -04 Setting -05 Setting -06
Setting -07 Setting -08 Setting -09

Fig. 52 Calibration images are taken in camera plate for nine different settings.
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4.3.4. Image Acquisition

After the experimental setup, GOM Snap 2D free software was used to capture the
72 Hz images shown in Fig. 53. Two high-speed CCD cameras were utilized to record the
change in distance of surface speckles during tensile testing and to collect the strain data
before being processed by GOM correlate software. The correlation parameters were
configured with a facet dimension of 19 pixels and an inter-point spacing of 16 pixels. The
DIC system recorded a 1280 x 860 pixel image of the specimen's surface and at a speed of

10 per second. The GOM Correlate software performed the post-processing analysis.

Fig. 53 DIC left and right camera captures images in different measuring sequences.
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4.4. DIC Data Analysis

4.4.1. DIC Multiple Point Strain Analysis

In the DIC contour plots, the color scales are labeled with percentages, indicating
the amount of strain in Figs. 54 and 56, corresponding to four distinct stages of tensile
testing sample 3 L1T1P3 L1- 0.Imm, T1- 200°C, and P3- 140mm/s. Two points are
randomly selected for the tensile specimen's full-field view to assess the strain (&,,) in the

Y -direction and strain (&,,) in X-direction respectively.

Fig. 54 Strain (&,,,) illustrated through contour plots for testing sample 3 L1T1P3 in the Y-
direction.

The scales vary significantly across the panels, with the leftmost panel showing the
initial condition preceding the tensile test, the follow-up image shows in Fig. 54 the lower
strain values of points 1 and 2 (0.026% and 0.061%), the middle panel showing moderate

values of around 11% for both points and finally, the rightmost panel demonstrates strain
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values, with point 1 exhibiting 19.223% and point 2 reaching 25.139%, thereby

highlighting the material's response under substantial tensile strain.

Time(s)

Fig. 55 Time vs strain graph for point 1 and point 2 for testing sample 3.

Furthermore, Fig. 55 illustrates a close observation of the Time versus strain graph
for points 1 and 2 of testing sample 3. In the initial loading phase, points 1 and 2 exhibited
nearly identical trends and strain values. However, approximately 180 seconds into the
experiment, the strain values began to diverge, with the difference steadily increasing until
the end of the experiment. This resulted in maximum strain values of approximately 26%

and 19% for point 1 and point 2, respectively.
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Fig. 56 Strain (&, ) illustrated through contour plots for testing sample 3 L1T1P3 in the X-
direction.

Fig. 56 illustrates the strain (¢_xx) in the X-direction for the tensile testing sample
3. Here, the presence of a negative strain value in the data suggests the regions in the full
specimens within the sample are experiencing compression or a reduction in strain due to
Poison’s effect. The data shows the strain is not uniform across the surface of the material.
The higher compression strain was observed for point 2 at strain (¢_xx) -0.016%. Notably,
point 2 experiences a higher compression strain than point 1 from the beginning to the end

of the tensile test.
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4.4.1. Strain Maps for layer thickness 0.1mm Specimens

Sample 01: L1T1P1, L- 0.1mm, T- 200 °C, P- 100mm/s

Fig. 57 Strain illustrated through contour plots for testing sample 1.

Sample 02: L1T1P2; L-0.1mm, T- 200 °C, P- 120mm/s

Fig. 58 Strain illustrated through contour plots for testing sample 2.

Fig.57 and Fig. 58 show the contour plots of strain for sample 1-L1T1P1 and sample 2-

L1T1P2 in the Y-direction of DIC with tensile tests over time.
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Sample 03: L1T1P3; L- 0.Imm, T- 200 °C, P- 140mm/s

Fig. 59 Strain illustrated through contour plots for testing sample 3.

Sample 04: L1T2P1; L- 0.Imm, T- 210 °C, P- 100mm/s

Fig. 60 Strain illustrated through contour plots for testing sample 4.

Fig. 59 and Fig. 60 show the contour plots of strain for sample 3- L1T1P3 and sample 4-

L1T2P1 in the Y-direction of DIC with tensile tests over time.
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Sample 05: L1T2P2; L- 0.Imm, T- 210 °C, P- 120mm/s

Fig. 61 Strain illustrated through contour plots for testing sample 5.
Sample 06: L1T2P3; L- 0.1mm, T- 210 °C, P- 140mm/s

Fig.62 Strain illustrated through contour plots for testing sample 6.

Fig. 61 and Fig. 62 show the contour plots of strain for sample 5 L1T2P2, and sample 6

L1T2P3 in the Y-direction of DIC with tensile tests over time.
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Sample 07: L1T3P1; L- 0.Imm, T- 220 °C, P- 100mm/s

Fig. 63 Strain illustrated through contour plots for testing sample 7.

Sample 8: L1T3P2; L- 0.1mm, T- 220 °C, P- 120mm/s

Fig. 64 Strain illustrated through contour plots for testing sample 8.

Fig. 63 and Fig. 64 show the contour plots of strain for sample 7 L1T3P1, and sample 8

L1T3P2 in the Y-direction of DIC with tensile tests over time.
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Sample 09: L1T3P3; L- 0.Imm, T- 220 °C, P- 140mm/s

Fig. 65 Strain illustrated through contour plots for testing sample 9.

4.4.2. Strain Maps for layer thickness 0.15mm Specimens
Sample 10: L2T1P1; L- 0.15mm, T- 200 °C, P- 100mm/s

Fig.66 Strain illustrated through contour plots for testing sample 10.

Fig. 65 and Fig. 66 show the contour plots of strain for sample 9- L2T1P3 and sample 10-

L2T1P1 in the Y-direction of DIC with tensile tests over time.
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Sample 11: L2T1P2; L- 0.15mm, T- 200 °C, P- 120mm/s

Fig. 67 Strain illustrated through contour plots for testing sample 11.
Sample 12: L2T1P3; L- 0.15mm, T- 200 °C, P- 140mm/s

Fig. 68 Strain illustrated through contour plots for testing sample 12.

Fig. 67 and Fig. 68 show the contour plots of strain for sample 11- L2T1P2 and sample 12-

L2T1P3 in the Y-direction of DIC with tensile tests over time.
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Sample 13: L2T2P1; L- 0.15mm, T- 210 °C, P- 100mm/s

Fig. 69 Strain illustrated through contour plots for testing sample 13.

Sample 14: L2T2P2; L- 0.15mm, T- 210 °C, P- 120mm/s

Fig. 70 Strain illustrated through contour plots for testing sample 14.

Fig. 69 and Fig. 70 show the contour plots of strain for sample 13- L2T2P1, and sample

14- L2T2P2 in the Y-direction of DIC with tensile tests over time.
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Sample 15: L2T2P3; L- 0.15mm, T- 210 °C, P- 140mm/s

Fig. 71 Strain illustrated through contour plots for testing sample 15.

Sample 16: L2T3P1; L- 0.15mm, T- 220 °C, P- 100mm/s

Fig. 72 Strain illustrated through contour plots for testing sample 16.

Fig. 71 and Fig. 72 show the contour plots of strain for sample 15- L2T2P3 and sample-16

L2T3P1 in the Y-direction of DIC with tensile tests over time.
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Sample 17: L2T3P2; L- 0.15mm, T- 220 °C, P- 120mm/s

Fig. 73 Strain illustrated through contour plots for testing sample 17.

Sample 18: L2T3P3; L- 0.15mm, T- 220 °C, P- 140mm/s

Fig. 74 Strain illustrated through contour plots for testing sample 18.

Fig. 73 and Fig. 74 show the contour plots of strain for sample 17 L2T3P2 and

Sample 18- L2T3P3 in the Y-direction of DIC with tensile tests over time.
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4.4.3. Strain Maps for layer thickness 0.2mm Specimens

Sample 19: L3T1P1; L- 0.2mm, T- 200 °C, P- 100mm/s

Fig. 75 Strain illustrated through contour plots for testing sample 19.

Sample 20: L3T1P2; L- 0.2mm, T- 200 °C, P- 120mm/s

Fig. 76 Strain illustrated through contour plots for testing sample 20.

Fig. 75 and Fig. 76 show the contour plots of strain for sample 19 L3T1P1, and Sample 20

L3T1P2 in the Y-direction of DIC with tensile tests over time.
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Sample 21: L3T1P3; L- 0.2mm, T- 200 °C, P- 140mm/s

Fig. 77 Strain illustrated through contour plots for testing sample 21.

Sample 22: L3T2P1; L- 0.2mm, T- 210 °C, P- 100mm/s

Fig.78 Strain illustrated through contour plots for testing sample 22.

Fig. 77 and Fig.78 show the contour plots of strain for sample 21 L3T1P3, and Sample 22

L3T2P1 in the Y-direction of DIC with tensile tests over time.
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Sample 23: L3T2P2; L- 0.2mm, T- 210 °C, P- 120mm/s

Fig. 79 Strain illustrated through contour plots for testing sample 23.
Sample 24: L3T2P3; L- 0.2mm, T- 210 °C, P- 140mm/s

Fig. 80 Strain illustrated through contour plots for testing sample 24.

Fig. 79 and Fig. 80 show the contour plots of strain for sample 23 L3T2P2 and Sample 24-

L3T2P3 in the Y-direction of DIC with tensile tests over time.
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Sample 25: L3T3P1; L- 0.2mm, T- 220 °C, P- 100mm/s

Fig. 81 Strain illustrated through contour plots for testing sample 25.

Sample 26: L3T3P2; L- 0.2mm, T- 220 °C, P- 120mm/s

Fig. 82 Strain illustrated through contour plots for testing sample 26.

Fig. 81 and Fig. 82 show the contour plots of strain for sample 25 L3T3P1 and Sample 26

L3T3P2 in the Y-direction of DIC with tensile tests over time.
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Sample 27: L3T3P3; L- 0.2mm, T- 220 °C, P- 140mm/s

Fig.83 Strain illustrated through contour plots for testing sample 27.

Fig. 83 shows the contour plots of strain for sample 27 L3T3P3 in the Y-direction of DIC

with tensile tests over time.
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4.5. DIC Result Analysis

DIC is adept at measuring the full-field displacement and strain during tensile
testing. It can track thousands of points on the tested specimens, providing precision that
surpasses traditional extensometer techniques. Unlike these techniques, which can only
obtain the average major strain value, DIC offers the capability to measure both the major
and minor strains. It even has the unique ability to analyze the initiation of necking, a nearly
impossible feat with traditional methods.

In this study, in terms of data visualization, the y-direction strains can be
represented by a color scale bar that shows the minimum to the maximum strain values,
and the red regions represent the maximum value of strains in the y-direction. Strain in the
X direction is negative in the data, which means that the regions within the sample's
specimens are experiencing compression or reduction in strain.

Moreover, DIC observations also indicate that in most cases, the edge of the gauge
section or middle of the specimens had the largest number of neck reasons. It becomes
especially noticeable at the edges of the gauge sections of the tensile specimens when the
layer thickness is set to 0.1mm (see Figs. 57-65). In this case, two exceptions were noted.

For instance, testing sample-22 (L3T2P1) in Fig. 78 exhibited different behavior at
a higher thickness 0.2mm, extrusion temperature 210°C, print speed 140mm/s, and sample-
26 in Fig. 82 (L3T3P2) at a higher layer thickness 0.2mm, higher extrusion temperature
220°C, lower print speed 100mm/s. Conversely, in Figs. 57-83 The contour plots of strain
(& _yy)for testing samples 19-27 in the Y-direction, a layer thickness of 0.2mm, and neck

primarily were observed in the middle sections of the specimens. Nonetheless, a layer
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thickness of 0.15mm in Figs. 66-74 experienced neck reason in both gauge sections and
the middle of the specimens.

The different printing parameters could be a possible reason for the location of the
neck reason. The change in the three process parameters, and other printing settings, may
introduce a potential weakness in the specimens and result in a necking reason on the edge
of the gauge section or middle of the specimens. These findings highlight the impact of

different printing parameters on the 3D-printed silk-PLA material's behavior under stress.
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CHAPTER 5
CONCLUSION AND FUTURE WORKS

5.1. Conclusion

This study experimentally investigated the impact of various 3D printing
parameters on the mechanical characteristics of silk-PLA material. Three parameters of the
FDM 3D printing process were taken into account, and mechanical characteristics were
focused on, such as modulus of elasticity and ultimate strength of Silk-PLA material.
Additionally, the study measured and analyzed strain in both lateral (X) and longitudinal
(Y) directions using the DIC method. While extensive research has been conducted on
FDM process parameter optimization, relatively little focus is on investigating higher
printing speeds for PLA-printed materials with the implementation of DIC. Therefore, this
research was focused on determining a well-defined connection between these printing
parameters, and the mechanical characteristics of silk-PLA materials. Moreover, ANOVA
showed that layer thickness, nozzle temperature, and printing speed significantly affected
FMD-printed silk PLA material.

This study concluded that-

i.  The ANOVA Table revealed that the layer thickness, nozzle temperature, and
print speed are the key factors significantly impacting the ultimate tensile
strength.

ii.  Considering the obtained P value from ANOVA, printing speed and layer

thickness had no critical influence on the responses of Young’s modulus.
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However, the nozzle temperature significantly influenced Young’s modulus
value.

Higher nozzle temperatures may enhance the material's performance by
improving layer adhesion, leading to an increase in tensile stress capacity,
which agrees with [78] [79].

The maximum tensile strength of 40.68 MPa was achieved with the optimal
combination of process parameters at testing sample 26 when a layer thickness
of 0.2mm, temperature of the nozzle at 220°C, and print speed of 120mm/s.
The DIC method enhanced the evaluation of mechanical properties by
providing full-field strain and displacement value that traditional testing
methods like extensometer or strain gauge cannot offer solely.

Different printing parameters could be a possible reason for the initiation of
necking in a different location of the tensile specimens.

Thicker layers reduced the breaking strain in most cases, impacting the

mechanical characteristics of the Silk-PLA material.



89

5.2. Printing Challenges

Printing failures were observed with printing speeds at 140mm/s. It was observed
that when printing operations operated at these specific speed ranges, encountered a higher
rate of printing failures issue. Tensile testing sample 4 - L1T2P1, when layer thickness is
0.1mm, nozzle temperature is 210°C, and printing speed of 140mm/s, and sample 07-
LI1T3P3, L1-0.1mm, T3- 220°C, and P3- 140mm/s, encountered the most printing failures
as shown in Fig. 84. This printing failure could be over-extrusion or layer adhesion, when
too much material is dispensed due to the higher printing speed, leading to excess filament
that can disrupt the print's accuracy and quality, and poor layer adhesion and leading to

individual layers of the print do not bond correctly.

Fig. 84 Printing failure sample at 140mm/s printing speed.
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5.3. Future work

One key area of exploration is the optimization of process parameters to ensure
better quality output. My current study highlighted the significance of maintaining the
process parameters to ensure the quality of 3D-printed parts. Future studies could explore
the integration of sensors into 3D printing systems. The sensors could measure crucial
parameters like printing speed, printing temperature, and other parameters in real time,
allowing researchers to gain insights into the printing process and make necessary
adjustments to improve quality.

Another important aspect to consider is the reduction of downtime caused by print
failure. This issue not only consumes valuable time but also wastes materials. This study
observed frequent print failure issues at high printing speed conditions at 140mm/s.
Therefore, future research will focus on the use of artificial intelligence (Al) to detect early
faults to address this challenge. The printing process can be analyzed by Al algorithms to
identify potential failures before they happen, which allows operators to take preventive
measures and minimize disruptions. The ability to customize printing parameters holds
significant potential for progress in additive manufacturing. By allowing users to tailor
printing parameters during printing to specific requirements or materials, manufacturers
can achieve greater flexibility and versatility in their production processes.

In conclusion, future research in additive manufacturing will consider focusing on
integrating advanced sensing technologies, implementing Al for fault detection, and
enabling on-the-go parameter adjustments. By embracing these advancements, FDM
additive manufacturing can significantly improve quality, efficiency, and adaptability.

which will lead to foster broader adoption and spur innovation across multiple industries.
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