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Abstract

3D printing technology is a method of fused deposition modeling (FDM) used in the aerospace industry, in light and complex structural
modeling, manufacturing and prototyping of many medical tools. Polylactic acid (PLA) is used as a raw material in 3D printers due to
its non-toxicity, biodegradability and easy manufacturability for industrial designs and medical applications. In this study, PLA samples
were produced on a 3D printer at 70% constant filling ratio in four different filling types: line, triangle, hexagon and 3D infill. Tensile
tests were performed on the samples in order to examine the effect of the filling type on the mechanical behavior. After the tests,
mechanical properties of the samples such as modulus of elasticity, yield stress, maximum tensile stress and Poisson's ratio were
determined. The results revealed that the filling type had significant influence on the mechanical properties of the FDM fabricated
samples. It was shown that the triangle type of filling pattern in printing process yielded the highest strength to weight ratio of the
fabricated sample and provided savings in raw material consumption.
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3 Boyutlu Basih PLA Numunelerinin I¢ Mimarisinin Mekanik
Davranis1 Uzerindeki Etkilerinin Deneysel Incelenmesi

Oz

3D baski teknolojisi, havacilik endiistrisinde, bir¢ok tibbi aletin hafif ve karmasik yapisal modellenmesinde, iiretiminde ve
prototiplenmesinde kullanilan bir eriyik birikim modelleme (FDM) yontemidir. Polilaktik asit (PLA), toksik olmamast, biyolojik olarak
parcalanabilirligi, endiistriyel tasarimlar ve tibbi uygulamalar igin kolay iiretilebilirligi nedeniyle 3D yazicilarda hammadde olarak
kullanilmaktadir. Bu ¢aligmada PLA numuneleri, 3 boyutlu yazicida %70 sabit doluluk oraninda doért farkli dolgu tipinde retildi: line,
triangle, hexagon ve 3D infill. Dolgu tipinin mekanik davranisa etkisini incelemek i¢in numuneler tizerinde ¢ekme testleri yapilmustir.
Testlerin ardindan numunelerin elastisite modiilii, akma gerilmesi, maksimum ¢ekme gerilmesi ve Poisson orani gibi mekanik 6zellikleri
belirlenmistir. Sonuglar, doldurma tipinin FDM yo6ntemi ile iiretilen numunelerin mekanik 6zellikleri tizerinde 6nemli bir etkiye sahip
oldugunu ortaya koymustur. Baski siirecinde, tiggen tip dolgu deseninde imal edilen numunenin en yiiksek mukavemet/agirlik oranini
verdigi ve hammadde tiiketiminde tasarruf sagladig goriilmiistiir.
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1. Introduction

Fused deposition modeling (FDM) is an additive
manufacturing (AM) method commonly used for the creation of
three-dimensional solid objects by enabling computer-generated
models to be converted cheaply, quickly and easily into physical
parts. FDM stands out with its features such as being cheaper than
other AM printing technologies, being easier to maintain and
having lower hardware costs [1]. FDM technologies offer rapidly
developing and promising solutions in many areas of healthcare.
Polylactic acid (PLA) is a biodegradable and promising 3D
printable aliphatic polymer and is widely used in many fields
through its rich raw materials and ease of production. Besides the
industrial designs, PLA is widely used in personal protective
equipment (PPE) during the COVID-19 pandemic, many specific
medical applications such as implants, orthopedic applications
and tissue engineering instead of the petroleum-based polymers
because of its non-toxic properties [2,3]. Biodegradable and non-
harmful polymers support cell growth without damaging cell
functions and have strong mechanical properties. Because of these
properties, it especially encourages the use and development of
the PLA polymer in tissue engineering and medicine for the
formation of scaffolds and bone tissues [4]. Due to this feature of
PLA, it can be used in the medical industry only if it can be
produced in a solid form. The thermo-mechanical properties of
printed PLA samples depend on many factors including the filling
pattern, filling rate and molecular structure of the material [5]. In
the literature, researchers have conducted a number of studies on
process parameters to investigate the mechanical properties of
PLA samples. Chacon et al. [6] conducted tensile and three-point
bending experiments to investigate the effect of build orientation,
layer thickness and feed rate on the mechanical performance of
PLA samples produced in 3D printer. They found that the upright
orientation had the lowest mechanical properties and ductility
decreased as the layer thickness and feed rate increased. In
addition, they said that the optimum mechanical performance
value can be achieved with low layer thickness and high feed rate.
Yao et al. [7] produced samples at 7 different printing angles such
as 0o, 150, 300, 450, 600, 750, 900, and three different printing
layer thicknesses and examined the effect of these parameters on
tensile strength. As a result, they observed that increasing the
printing angle and decreasing the layer thickness increased the
tensile strength in the samples. Murugan et al. [8] used Taguchi
experimental design method to analyze the influence of
parameters such as build orientation, filling ratio, extrusion
temperature, layer height and printing speed on tensile strength,
Young's modulus and printing time. They found that the PLA
model created with the y-axis orientation of 45 degrees gives
better mechanical properties. Rajpurohit and Dave [9]
investigated the effects of raster angle,
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layer height and raster width on tensile properties in 3D printer.
They mentioned that the highest tensile strength was obtained for
0° raster angle. They found that the lower the layer height, the
higher the tensile strength. They also reported that at the higher
value of the raster width, the tensile strength improved to a certain
extent. Camargo et al. [10] studied the mechanical properties of
PLA-graphene material by producing samples of different filling
ratios and layer thicknesses with 3D printing technology. As a
result of their work, they stated that the mechanical properties
would increase as the layer thickness increased. They stated that
while mechanical properties such as tensile strength and bending
strength increase as the filling ratio increases, the impact energy
decreases. Khan et al. [11] made mechanical tests after producing
samples with 3D printer using four different infill patterns,
namely HoneyComb, HilbertCurve, Rectilinear and Concentric.
They determined that the filling patterns affect the mechanical
strength of the parts. After the experiments, they stated that the
samples with the highest tensile and flexural strength were
obtained with the Rectilinear filling pattern. Rodriguez-Panes et
al. [12] investigated the effects of parameters such as layer height,
filling ratio and layer orientation on the mechanical properties of
PLA and ABS test specimens. They found that the percentage of
filling in PLA samples is an important parameter affecting the
results. They also stated that PLA samples have greater tensile
strength compared to ABS. Travieso-Rodriguez et al. [13] used
L27 Taguchi test sequence to find the effect of 6 parameters such
as layer height, filament width, filling ratio, layer orientation,
printing speed and infill pattern on the flexural strength of PLA
samples. As a result, they determined that layer orientation was
the most effective parameter, whereas filling density and infill
pattern did not show a significant effect.

In this study, the effect of four different filling types, namely
line, triangle, hexagon and 3D infill, on the mechanical behavior
of PLA samples produced with a 70% constant filling ratio in a
3D printer was experimentally investigated. At the same time,
mechanical properties such as yield stress, maximum tensile
stress, modulus of elasticity and Poisson's ratio were obtained for
these four different filling types. The strength to weight ratio has
also been investigated to determine the filling type that yielded
both highest strength and lowest material consumption.

2. Material and Method

The tensile samples were produced using 1.75 mm diameter
white PLA filament (Table 1), on a Flashforge Creator 3 FDM
machine equipped with a 0.4 mm nozzle double extruder as shown
in Figure 1a. Nozzle and bed temperatures were selected as 210
and 80 °C, respectively. In the 3D printing, the printing speed was
selected as 50 mm/s and the travel speed as 70 mm/s.
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Table 1. Features of employed PLA filament.

Characteristics Value

Color White

Printing Temperature 190-220 °C

Density 1.2540.05 g/cm?

Melt Flow Rate 5-7 gr/min (190 °C 2.16 kg)
Bubble 100% no bubble
Hydroscopicity 0.50%

Hotbed Temperature 50-80 °C (can be without hotbed)
Diameter 1.75 mm

Storage Temperature <50 °C

115mm
33

Figure 1. Experimental setup a) 3D Printer b) Shimadzu AGS-X
100 kN tensile testing machine c) Tensile test specimen.

For each filling type, 5 tensile samples were produced according
to ASTM D638-14 [14] standard (Figure 1c). A total of 20
samples were produced for 4 different filling types, namely line,
triangle, hexagon and 3D infill (Figure 2). The tensile tests were
carried out on a Shimadzu AGS-X 100 kN tensile test machine
with the constant displacement rate of 1 mm/min (Figure 1b).

All tests were carried out at room temperature. The mechanical
properties of each filling type were determined by taking the
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average of 5 tests. Some studies in the literature say that
mechanical strength is directly proportional to the filling ratio [1,
15, 16]. It is obvious that the 100% filling ratio will increase the
printing cost by increasing the raw material and production time.

In order to save both processing time and cost, a lower filler ratio
was selected based on the results of trial tests. After such
experiments, the optimum strength to weight ratio was obtained
at 70% filling ratio, so the filling ratio was selected as 70% for the
rest of the test samples with different filling types.

)
»

a) b) ¢) d)

Figure 2. Filling types (a) line, (b) triangle, (c) hexagon,
(d) 3D infill.

3. Results and Discussion

3.1 Effect of Internal Architecture on Mechanical
Properties

The results of uniaxial tensile test experiments of samples
fabricated in FFF process filling architecture, here called filing
type, are provided and discussed in this section. The main purpose
of such investigation is to examine the effects of different filling
types on the yield, maximum tensile and failure stresses in 3D
printed PLA samples. The stress-strain curves of such samples
measured under displacement rate of lmm/min are represented in
Figure 3. The modulus of elasticity for each filling type was
obtained by drawing a slope in the elastic region of the graph as
in Figure 4. Also, the yield stress was determined using the 0.002
strain offset method as illustrated in Figure 4. The longitudinal
and transverse deformations of the tensile test samples were
measured using a digital extensometer. These data were employed
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to calculate the Poisson’s ratio of the samples according to Eq.

(D).
_& €))

€l

Vv =

where v is Poisson's ratio, &, is transverse strain (mm/mm) and &
is longitudinal or axial strain (mm/mm).

The calculated mechanical properties of the tensile test
samples, including yield and ultimate strengths, modulus of
elasticity and Poisson's ratio, for different filling types of 3D
printed samples are summarized in Table 2. As shown in Figure 3,
the triangle filling type represented the highest tensile strength
compared to that of 3D infill, line and hexagon. Among these four
filling types, hexagon type appears to have the lowest tensile
strength value. It has been determined that the difference in tensile
strength between triangle and hexagon is approximately 7.708
MPa. This result also means that the triangle type can tolerate
51.21% more loading than hexagon without failure.
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Figure 3. Comparison of tensile test results for 3D printed
samples of different filling types.

From the stress-strain graph in Figure 3, it is seen that line
and hexagon types have the highest failure strain values, while the
line type is about 5.16% more ductile than the hexagon type. This
shows that line type has the energy storage capability up to failure
among different filling types. This result reveals that the line type
printing pattern is more suitable for uniform distribution of
applied load between the printed layers and therefore, absorption
of higher strain energy before failure. For these four filling types,
the modulus of elasticity values were obtained as 2, 2.3, 2.41 and
2.63 GPa for samples fabricated in FFF process using 3D infill,
line, hexagon and triangle filling types, respectively. The
difference between the strongest triangle and the weakest 3D infill
is about 630 MPa. This indicates that the triangle filling type
provides the highest elastic properties among other printing
patterns of 3D printed samples. Also, the tensile samples with
triangle filling type represented the highest strength without
permanent deformation, or higher yield strength, among the
samples fabricated by different filling patterns.
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Figure 4. Representation of tangential line and 0.2% offset line
on stress-stain curve to obtain mechanical properties.

Table 2. Mechanical properties of PLA samples according to internal architecture.

Materials Yuz;(/}ls);r)ess Ultl?ﬁt;:)t ress Modulus of elasticity (GPa) Poisson’s ratio
Line 14.0 15.64 2.3 0.213
Hexagon 14.7 15.05 2.41 0.124
Triangle 19.5 22.76 2.63 0.355
3D Infill 15.3 17.15 2.0 0.342

3.2. Effect of Internal Architecture on
Strength/Weight Ratio

In order to further illustrate the effect of filling type on the
mechanical behavior of 3D printing samples, it is also important
to investigate the strength to weight ratio under any printing
condition. The significance of latter mentioned parameter is
more emphasized when the cost of printing components comes
into account.
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For this reason, the weight of each printed tensile sample has
been measured using a digital balance with precision of 0.001
g and the sample of maximum weight has been selected as the
reference sample to calculate the non-dimensional weight of
each sample. Then the yield and ultimate strength of each
tensile test sample has been divided to corresponding non-
dimensional weight parameter to achieve the strength to weight
ratio of each one these samples. The results of such
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measurements are summarized in
summarizes the calculation procedure.

Table 3. Egs. (2-4)

Wi

NWl - Wmax (2)
NYS/W; = 22 3)
NUS/W; = I‘V’;ii (4)

Where NW; is the non-dimensional weight of i tensile test
sample, w; is the weight of sample, Wy, is the maximum
measured value of weight of samples, i represents the filling
types, NYS/W; and NUS/W; are the yield and ultimate strengths
to non-dimensional weight, 0,; and o,; are the yield and
ultimate stresses of sample with i tensile test sample,
respectively. According to the results given in Table 3, the
sample with triangle filling type represented the maximum
strength to weight ratio. This shows that the triangle type can
be preferred for both strength and saving of raw material.

Table 3. Non-dimensional weight and strength to weight ratio of 3D printed tensile test samples of different filling types.

Filling Types NWi NYS/Wi NUS/W;i
Triangle 1 19.5 22.759
Hexagon 0.9395 15.647 16.02
Line 0.9413 14.873 16.62
3D Infill 0.8541 17.914 20.083

According to the results given in Table 3, the sample with triangle

filling type represented the maximum strength to weight ratio.

This shows that the triangle type can be preferred for both strength

and saving of raw material.

4. Conclusions References

In this study, experimental tests were carried out to determine
the mechanical behavior of samples produced in FFF process at
different filling types. The results obtained at the end of the
research can be summarized as follows:

e First of all, it has been determined that the
adjustment of the parameters of the 3D printer such
as nozzle and table temperatures, printing speed,
travel speed and filling ratio of the samples are
extremely important for production of quality parts.

e The highest tensile strength value was seen in
triangle filling type and the lowest was in hexagon
filling type. The results showed that samples with
triangle interior architecture exhibited better tensile
strength than samples with hexagon filling pattern.

e Ithasbeen observed that the line filling type is more
ductile and has the highest strain at failure value.

e Modulus of Elasticity, which is a measure of the
stiffness of the materials, was maximum in triangle
filling type among other filling architecture.

e Triangle filling type samples are both stronger
compared to other filling types and provide savings
in raw material consumption.
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