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Abstract: This research aims at specifying the effects of some 3d printing parameters (the layer height,
the feed rate, the extrusion temperature, and the raster angle) on some surface and mechanical properties
(the ultimate tensile strength, the hardness, and the surface roughness) of PLA specimens produced by 3d
printing. The paper starts with brief information about the material used (PLA), then it is followed by a
short introduction about the experimental work. The influence of each parameter was specified for each
property. It was found that the ultimate tensile strength increases by decreasing the layer height,
increasing the feed rate, increasing the extrusion temperature, and using a smaller raster angle. The
hardness increases by decreasing the layer height, increasing the feed rate, increasing the extrusion
temperature, and using a larger raster angle. The surface roughness increases by increasing the layer
height, the feed rate, the extrusion temperature, and using a larger raster angle.
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1. Introduction

Additive manufacturing (AM) is a process where the object id is produced directly from a computer
model by selectively sintering, solidating, and depositing a layer one after another (Horn & Harrysson,
2012). AM enabled manufacturers fabricate complex components, as single-unit parts. This was
impossible with traditional fabrication methodologies (Adekanye et al., 2017). Using AM helps to
produce customized and even impossible to — manufacture parts right where they will be utilized.
Fields where AM is used the most are: medical, automotive, and aerospace industries. It has been also
used in other areas such as: food, clothing, and metal fabrication (Kalva, 2015).

The AM is mainly used for the following aims (Doubrovski et al., 2011):

1. Part consolidation: components with air ducts in Boing, composed of 15 pieces, are produced as
one complex part using AM.
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2. Functional customization: such as producing human implants which are perfect-fit.
3. Weight reduction: as it is increasing the freedom of the design’s geometry.

In the aerospace area, NASA manufactured 70 of the parts that form the rover by using AM. Whereas,
in the architecture field, the poly-jet 3d printing technique is used to get fine smooth complex geometry
models (Ramya & Vanapalli, 2016).

Despite all the above-mentioned advantages of AM, this method is hot mature enough to be used in
the real industrial world. AM has many challenges and flaws that need to be figured out. Among them
are the followings: produced object size limitation, overhang surface formation, anisotropic
mechanical properties, low dimensional accuracy, stringing, gabs formation in the upper layers, layers
incorrect arrangement, and material use limitation (Abdulhameed et al., 2019).

Accompaniment of 3d scanning and AM technologies brought new opportunities to the healthcare
implant industries with which prostheticers could fabricate limbs, artificial hips, or dental implants
that precisely fit the individuals (Alvarez, 2014). Additionally, AM affects the logistics and supply
chain area by reducing the number of products stored in the warehouses by enabling on-demand
production (Raji, 2017).

The AM includes a lot of technologies, for example (Manufacturing, n.d.):

o Stereolithography Apparatus: in this technique a laser beam selectively curses liquid resin.

o Powder Bed Fusion: a laser of electronic beam selectively sinters powdered material.

e Sheet Lamination: in this method, an ultrasonic welding is utilized to stack laminated layers
together.

e Fused Filamin Fabrication: this technology is explained in detail in chapter ...... of this paper.

e Hybrid AM: in this technology, the traditional manufacturing techniques, like milling and CNC,
are combined with AM process in a single machine.

A wide variety of materials are being used by the AM technologies. The following table shows the
materials commonly used in the AM (MakerBot, 2020).

Table 1: Materials commonly used in the AM

PLA (polylactic acid) Concept prototypes.

PETG’s (glycol-modified Liquid containers and bottles.

polyethylene terephthalate)

ABS (acrylonitrile butadiene Functional prototypes, manufacturing tools.

styrene)

ASA (acrylonitrile styrene Ideal for equipment exposed to sunlight and rain over
acrylate) long.

periods of time — such as products for the agriculture,
transportation, and power and utility industries.

Nylon Replacement Parts, gears.
PC-ABS Automotive industry.
PC-ABS FR Automotive, railway, and aerospace industries.

There are many 3d-printing parameters that can be manipulated to optimize the properties of the
printed parts, including but not limited to the followings (Fernandes et al., 2018):
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o Infill density: the percentage of material forming the interior volume of the part regarding the
total volume.

e Raster Angle: the angle in which the strands of the material is aligned within the printed part.

e Layer thickness: the height measure of each material addition.

e Extrusion temperature: the temperature of the material when extruded from the nozzle.

2. Methodology
2.1 The Experiments

This research aims at providing better understanding of the influence of the printing parameters of the
mechanical and surface characterization. Among the wide variety of the tests, the following were
chosen:

e The Tensile Test.
e Shore Hardness Test.
e Surface Roughness.

Figure (1) illustrates the test specimen of the tensile test while Figure (2) shows the specimen of the
hardness test, and in the Figure (3), the surface roughness specimen is shown.
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Figure 1: The specimen of the Tensile Test
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Figure 2: The specimen of the hardness test Figure 3: The speciment of the surface
roughness test
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2.2 The 3d Printing Technology; Fused Deposition Modeling (FDM)

In this technique, the material is deposited through a nozzle fed with filament form a coil. The nozzle
moves according to the x and y predetermined coordinates. The build platform moves down gradually
in the z direction as per the specified layer thickness.

The following figure illustrates the FDM process.
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Figure 4: FDM process (Jimenez et al., 2019)
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2.3 The 3d Printer

The “Up Box” 3d printer was used to 3d print the specimen.

Figure 5: The 3d Printer

2.4 Material

Since that many researchers studied the effect of 3d printing parameters on the mechanical properties
of the ABS, and only few had dealt with PLA, it was decided to choose PLA to be the subject of this
research.

The following table illustrates the specifications of the PLA used for printing the specimen:
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Table 2: The properties of PLA (Simplyfy3d, 2020)

Property Value
Ultimate Strength 65MPa
Stiffness 7.5/ 10
Maximum Service 52°C
Temperature

Durability 4/ 10
Coefficient of Thermal 68um/m-°C
Expansion

PLA is a biodegradable polymer extracted from renewable sources such as corn starch. Therefore,
PLA is utilized to produce medical implants which are designed to degrade without causing any harm
to be placed back by growing tissues. The PLA 3d-printing process is also characterized by the absence
of toxic gases produced during the melting and deposition stages and its low temperature of glass
transition. The PLA material softens at relatively low temperature (60-65 °C ) and thus it can’t be used
in heated environments, however, it means that this material has enough time to get rid of the internal
stresses when cooling. This indicates that there is no need to preheat the platform or to use special
adhesives (Bates- Green & Howie, 2017).

2.5 The Tests
2.5.1 The Tensile Test

The tensile tests were conducted at the Mechanical Engineering labs of Damascus University. The
specimens were printed as per the standard 1SO 527-2.

2.5.2 The Hardness Test

The hardness test was conducted according to the international standard “ASTM D224”. All specimens
were subjected to shore durometer test. A greater resistance to indentation, which means the harder
the material results the higher shore number and the vice versa. In this test, s force is exerted to the
material through a presser foot that leads to an indentation in the specimen, the durometer measures
the depth of this indentation. In this experiment, the specimens’ surfaces must be parallel to the surface
of the test bed.

2.5.3 The Surface Roughness Test

The surface roughness is one of the surface texture elements. It is measured by the deviations in the
direction of the normal vector of a real surface from its ideal form. The larger the deviation, the rougher
is the surface. In this research, the surface roughness is measured by “Ra” which means, as described
in the international standard ASME B46.1, the arithmetic average of the profile height deviation values
from the mean line.

3. Results and Discussions
3.1 The Layer Height

It was observed that the higher the layer height the lower is the ultimate tensile strength, and the lower
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is the hardness the higher is the surface roughness. The Figures (6), (7), and (8) show the relation
between the layer height and the ultimate tensile strength, the hardness and the surface roughness
respectively.
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Figure 8: Layer height vs. the surface roughness

And this is since the adhesion between layers becomes stronger when decreasing the layer height. And
when the adhesion between the layers is stronger, the flexibility of the specimen decreases.

3.2 The Feed Rate

It was realized that when increasing the feed rate, the ultimate tensile strength increases, the hardness
increases, and the surface roughness increases as well. The Figures (9), (10), and (11) illustrate the
relation between the feed rate and the ultimate tensile strength, the hardness, and the surface roughness
respectively.

Volume 6, Issue 2; December, 2020 136



Eurasian Journal of Science & Engineering EAJSE
ISSN 2414-5629 (Print), ISSN 2414-5602 (Online)

L 52 68
€ 51
H o 67
> 50 2 66
< 49
E" 4o 2 65
(%]
o @ 64
2 47 qc’ 63
©
%’ 46 _‘Z’
< 45 s %2
o 44 o 61
© (%]
E® °0
£ 42 59
6 7 8 9 10 6 7 8 9 10
Feed Rate (mm3/s) Feed Rate (mm3/s)
Figure 9: Feed rate vs. the ultimate tensile Figure 10: Feed rate vs. the Hardness
strength
7.1
E 7
=69
(%]
b 6.8
c
< 67
3 6.6
o 6.5
o
L 6.4
3 6.3
6.2
6 7 8 9 10

Feed Rate (mm?3/s)

Figure 11: Feed rate vs. the surface roughness

This finding can be explained by the fact that the mechanical properties in the objects enhances when
having more amount of material.

3.3 The Extrusion Temperature

It was observed that when using a higher extrusion temperature, the ultimate tensile strength increases,
also both the hardness and the surface roughness increase as well. The Figures (12), (13), and (14)
show the relation between the extrusion temperature and the ultimate tensile strength, the hardness,
and the surface roughness, respectively.
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Figure 14: Extrusion tempreture vs. the surface roughness

And this can be explained by the fact that when using a higher extrusion temperature, the adhesion
increases and at the same time the material becomes less solid.

3.4 The Raster Angle

The experimental results indicated that when using a larger raster angle, the ultimate tensile strength
decreases, while both the hardness and the surface roughness increase. The Figures (15), (16), and (17)
illustrate the relation between the raster angle and the ultimate tensile strength, the hardness, and the
surface roughness, respectively.
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Figure 17: Raster Angle vs. the surface roughness
This is since the stiffness of the structure increases when using smaller raster angles.
5. Conclusions

The ultimate tensile strength decreases by increasing the layer height.
The hardness decreases by increasing the layer height.

The surface roughness increases by increasing the layer height.

The ultimate tensile strength increases by increasing the feed rate.

The hardness increases by increasing the feed rate.

The surface roughness increases by increasing the feed rate.

The ultimate tensile strength increases by increasing the extrusion temperature.
The hardness increases by increasing the extrusion temperature.

The surface roughness increases by increasing the extrusion temperature.
10 The ultimate tensile strength decreases when using a larger raster angle.
11. The hardness increases when using a larger raster angle.

12. The surface roughness increases when using a larger raster angle.
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