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Abstract: Nozzle hole diameter of 3D printer (3DP) can
be varied to obtain required product quality as well as to
reduce manufacturing times. The use of larger diameter
may accelerate manufacturing times of products, yet the
product quality, including the mechanical properties, still
needs to be investigated profoundly. The purpose of this
work is to investigate experimentally the effect of nozzle
hole diameter of 3DP to the surface quality, accuracy, and
the strength of the product. The specimens were manufac-
tured by fused deposition modelling (FDM) 3D printing us-
ing polylactic acid (PLA) as the filaments. Bed temperature,
extruder temperature and printing speed were set to be
60°C, 200°C and 80 mm/s respectively. The thickness of
each layer was set at the ratio of 20% to the nozzle hole di-
ameter. Infill pattern was determined by using line type of
100%. Nozzle hole diameter of 0.3, 0.4, 0.5 and 0.6 mm was
compared in this work. The results show that bigger nozzle
hole diameter enhanced the density and tensile strength of
the products thought it was not linearly correlation.

Keywords: nozzle hole diameter, layer thickness, infill or
raser, 3DP, rapid prototyping

1 Introduction

Manufacturing industries are able to increase the eco-
nomics of many countries. The growth of manufacturing

industry in Indonesia reached until 6,1% in last 5 years [1].

Additive manufacturing (AM) or rapid prototyping (RP) is
one sector of future manufacturing method that is recently
growing very fast. The principle of AM is construction of a
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part through layer by layer method as piling papers up to
become a rim. The types of AM are laser sintering, fused
deposition modelling, stereolithography, etc. The form of
materials like powder, filament and liquid materials will
be referred to determine the type of AM process [2].

3D printing (3DP) is one of the fastest developed of
desktop AM. The principle of this process is creation of a
product by continuous solidifying of slice by slice molten
material (usually a plastic polymer) on a bed after it reach
the cooling temperature in each slice or layer [3]. Compar-
ing to conventional process, 3DP have benefits through
a material waste less and its capability to make a com-
plex shape product. The weakness of this method is a long
elapse time needed to produce a part especially for a large
size product [4]. However, contour crafting, concrete print-
ing, and D-shape are 3 methods of advanced mega-scale to
3D-print buildings, which is a basis in building all 3 addi-
tive fabrications in layers [5].

The dominant factor influencing the surface quality of
the 3DP product is the contact area influenced by track or
pattern of printing. This factor usually called as infill or
raster pattern. However, by overlapping of infill is able to
increase the contact area between layers. The others factor
such as layer thickness, printing speed, bed temperature
and nozzle affect to product quality as well [6].

The process of creating a product with 3DP begins by
building a 3D model using CAD software. The format of 3D
model should be in one form of STL, OBJ or 3MF. The de-
sign file then has to be exported to slicer software (for ex-
ample is Cura) to develop a G-code file. An engineer can do
every adjusted parameter to fulfill any requirement needed
during printing process execution. The last step of 3DP pro-
cess is releasing product from a bed and removing sup-
ports if they are existing [7]. Parts of 3DP machine include
filament feeder, heater, nozzle, bed and stepper motors.
Filament feeder is used to pull a filament entering to heater.
The function of heater is for temperature increasing of fil-
ament until its melting temperature. Nozzle, generally at-
tached on the extruder, is exhaust guide port for molten
material so that flow out to an exactly point addressing
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Figure 1: Schematic of 3DP machine [8].

by G-code. Bed is base plate where a molted material laid
down. Stepper motors are used to control filament feed-
ing and moving bed or nozzle in three axis direction [8, 9].
Figure 1 shows a schematic of PSU (power supply unit)
unit to control an electric supply and PCB (printed circuit
board) unit for converting G-code to become movement of
extruder and controlling the printing parameter. The hori-
zontal directions are designated by X and Y whereas verti-
cal path is labelled by Z. In some machine the information
data of G-code can be read from USB, micro SD or directly
from the machine memory [10, 11].

Considering to filament material, polylactic acid (PLA)
is a common selected by product designer. The main com-
ponent of PLA is lactic acid namely a hydroxyl acid with
unsymmetrical carbon group isomers. The kind of isomers
in PLA are L-isomer and D-isomer. PLA is classified as
a biodegradable material which it is compiled from fer-
mented of cornstarch or cane [12]. Further PLA has more
environment friendly property than ABS, PP or PE. PLA
can also serve as matrix when combined with other mate-
rials such as natural fibers, metal powders or wood dust to
create a composite material. Pure PLA has tensile strength
and density up to 59 MPa and 1250 kg/m? respectively [13].
PLA is a thermoplastic polymer which it will able to be de-
composed and reshaped by heating process [14].

The application of PLA in medical sector is gener-
ally as bone filler that it is combined with hydroxyapatite
Cal0(P04)4(0OH),. PLA also can be used as stent (a micro
tube for maintaining a hart capillary always opened), plate
and bolt for bone and another biostructure [13]. This oppor-
tunity was realized because of the advantage characteris-
tic of PLA [15].

In the other hand of research area, 3DP process and
PLA usage have dominated as topics of investigation. Pam-
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budi (2015) examined the influence of infill pattern on 3DP
process. The research use PLA with nozzle hole diameter
of 0.4 mm and layer thickness of 0.1 mm. The examination
result showed that infill pattern has a strongly effect on
the mechanical properties. The infill pattern creating less
hole/void tends to increase the tensile strength and flexu-
ral strength [16]. Lubis have studied the effect of printing
orientation in 3DP with ABS and PLA materials. The result
denoted that the horizontal printing orientation indicate
stronger in mechanical properties than vertical one. The
other result pointed that PLA have better tensile property
than ABS. The highest tensile strength of PLA product was
14.97 MPa whereas the ABS product showed the highest
tensile strength at value of 6.63 MPa [17].

Investigation of the effect of 3DP parameter with real
scale product was conducted by Zhou in 2009. This re-
search showed that at the appropriate layer thickness
would get a minimum of size deviation. The smaller noz-
zle diameter and layer thickness will give a better print-
ing quality especially in the precision of product [18]. The
geometry structure of nozzle also plays significant effects
on qualities and properties of parts created by 3D printing.
The multi-scheme numerical simulations indicated that
the nozzle structure has an important effect on the spray
characteristics [19]. It means that the debit and cross sec-
tion shape of molten polymer come out from nozzle will
vary depend on the nozzle geometry. In addition to in-
crease an interlocking force between layers, surface area
of molten polymer should be expanded by modifying the
shape of cross section but maintaining the unit volume of
each layer [20].

Nozzle temperature have also an effect to the qual-
ity of 3DP product. The research with TPI (thermoplastic
polyimide) material shows that nozzle temperature makes
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significant change in interlayer bonding. When it was at
335°C the interlayer bonding force was 334.5 N and if it was
adjusted at 340°C the interlayer bonding force would be
260.5 N. This research suggested that it has to find a suit-
able temperature for the different materials [21].

Research with regard to the effect of infill angle, infill
width and layer height with PLA material has been done
by Rajporuhit (2018). The setting of infill percentage was
100%. The research show that in infill angle 45° produces
a part at the highest tensile strength. Layer thickness of
0.3 mm have a higher tensile strength than 0.1 mm. Fur-
thermore, layer thickness of 0.2 mm with infill width of 0.5
mm indicated a higher tensile strength than 0.4 mm and
0.6 mm layer thicknesses. This occurred because of the in-
fill angle will make a different density of product. If the
density of product increases the void is decrease. The de-
creasing of the void will drive the tensile strength become
higher. The infill width variation also has an impact on
density. Adjusting infill width at condition of over dimen-
sion will tend to generate a worse product because amount
of void or overlapping in the product [22].

Perez in 2018 carried out a research about the effect of
layer height to the surface roughness of 3DP product. This
research use PLA materials with printing temperature of
220°C and nozzle hole diameter of 0.4 mm. The result de-
picts the decreasing of layer height make a better quality
on surface roughness. The wall thickness also has an effect
to the surface roughness that is the thinner wall thickness
will make wall surface become smoother [23].

Setiawan have done a researched about the printing
parameters of 3DP to the quality of the product. This re-
search use PLA as material to make a size and shape prod-
uct based on ASTM D638 standard. The study reveals that
the best printing speed and nozzle temperature are 80
mm/s and 220°C respectively. That setting for PLA yields
a product tensile strength of 27,96 MPa. However, shrink-
age at level of 1.4% appears at that parameter setting [24].

In this paper, the variable of diameter hole size of noz-
zle was investigated as an important 3DP process param-
eter influencing the properties of a product. Density and
tensile strength were selected for representing the phys-
ical and mechanical properties of product. Densities of
products were measured as specific gravity by comparing
product density to the density of pure water. The tensile
strength was obtained by applying axial tensile loading
until product fracture occurred.
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2 Methodology

The study investigated four variations of the nozzle hole
diameter (or just called as nozzle diameter with neglecting
the word of hole) which are 0.3 mm, 0.4 mm, 0.5 mm, and
0.6 mm. The 3DP peripheral used was single extruder FDM
machine that was Creality Ender 3 by Shenzhen. The ma-
terial used in this study was polylactic acid (PLA) filament
with diameter of 1.75 mm by eSun. Tests carried out in this
study were density and tensile tests and also SEM images
to observe the surface contour and fracture surface after
tensile testing. The printing parameters are shown in the
Table 1.

Table 1: Printing parameters

Printing parameter Value

Layer thickness 20% of nozzle hole diameter
Nozzle temperature 220°C

Bed temperature 60°C

Printing speed 80 mm/s

Infill or raster percentage 100%

Infill or raster pattern Lines

2.1 Density Test

Density is determined by scaling the weight of the speci-
mens at the atmosphere and when they are immersed in
the pure water. The calculation applies the principle of
finding the specific gravity of specimen using the results of
two measurement above and the density of pure water re-
ferring to ASTM D792 testing standard. This study was per-
formed by measuring of 5 specimens for each parameter
investigated. The specimen density (ps) can be calculated
by formula of [25]:

a
Ps = mﬂw €y

where:

pw = pure water density at specific atmosphere, g/mm?>
a = weight of specimen in the air, g

b = weight of specimen immersed in pure water, g

2.2 Tensile Test

Tensile strength testing refers to ASTM D368 type 1 stan-
dard which is addressed for testing a rigid plastic material.
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The specification of specimen is shown in the Figure 2. The
result of the test will present commonly in a graph about
strain and stress relation. The standard speed rate of load-
ing is 5 mm/minute that it can be adjusted easily with uni-
versal testing machine by JTM Technology Corp.Ltd.
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Figure 2: The specification of tensile test specimen

Tensile test is performed with universal testing ma-
chine from JTM Technology to get the tensile strength of
specimens with equation of [26]:

P

9wt

@

where:

o = tensile strength, N/mm?

P = maximum tensile force, N
W = width of specimen, mm

T = thickness of specimen, mm

2.3 SEM Images

The main function of SEM images (captured by Hitachi
SU3500) is to observe the cross section of specimen frac-
ture or damage after tensile test was done. The images
are also able to become important evidences for analyz-
ing the damage or failure mode of specimens. It should
be kept in mind that the nature of the damages, which
take place on the parts while being produced, could be
reduced considerably by presenting a careful quality con-
trol system along with an appropriate nozzle design and
curing method [27]. Fortunately, the images are also use-
ful for identifying voids or porosities inside specimen. The
voids might potentially cause decreasing of density and
tensile strength of 3DP specimens thus they also could be-
come a justify tool for validation of the mechanical tests
performed.

The effect of nozzle hole diameter of 3D printing on porosity and tensile strength parts = 765

3 Result and discussion

Figure 3 shows the density or specific gravity of specimens
that it increases with the addition of the nozzle diameter.
The highest density value is 1.214 g/mm? resulted by us-
ing the nozzle hole diameter of 0.6 mm. This value is quite
close to the pure PLA density namely 1.252 g/mm? [13]. The
lowest specimen density is 1174.5 kg/m> achieved using
the size of diameter hole nozzle hole of 0.3 mm.

1225 -
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1150 . : . : . : . :
0.3 0,4 05 0,6

nozzle hole diameter, mm

specific gravity, kg/m3

Figure 3: The relation of nozzle diameter and product density

This density trend clarifies that the increasing the size
of nozzle hole will tend to create the product or specimen
become better in solidity. The bigger size of nozzle hole
was able to deposit more molten material for filling the vol-
ume space of product during process. It can contribute to
add the mass of product or reduce the porous inside prod-
uct. As a consequence, product density become high and
it even can up to 97% of the pure PLA density.

The SEM images emphasize the porous or void facts
inside the product, as depicted Figure 4. It shows that the
change in the hole size of nozzle will affect to the surface
contour of 3D printing within each layer. Figure 4(a) shows
the surface product generated by nozzle hole size of 0.3
mm. It reveals that the distance between infill or raster still
have wide gap, so that it will generate a lot of voids be-
tween layers. In Figure 4(b) with nozzle hole diameter of
0.4 mm, the distance between infill become narrow. Fig-
ures 4(c) and 4(d) are the images of the products resulted
by using the nozzle hole diameter size of 0.5 mm and 0.6 m
respectively. It proves that the gap between infill become
disappear. These evidences become a confirmation that
the greater of nozzle hole diameter size causes an increas-
ing of product density due to the decreasing of voids inside
product created by 3DP process.

The tensile strength of the products or specimens ex-
hibit similar tendency to the density. Figure 5 shows the
tensile test results of 3D printing products with a various
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(b)

(d)

Figure 4: SEM images of the specimen created by nozzle with diameter of (a) 0.3 mm, (b) 0.4 mm, (c) 0.5 mm, (d) 0.6 mm

of nozzle holes diameter. It shows the average of tensile
strength from three of specimens testing for each nozzle
hole diameter size. It depicts that the value of product ten-
sile strength will grow up when the size of nozzle hole di-
ameter is increased. The highest value of tensile strength is
obtained within the products created by 0.6 mm of nozzle
hole diameter with a value of 45.1 MPa and it means that
76% of pure PLA tensile strength has been obtained [6].
The phenomenon of voids inside the 3DP product con-
tributes on initiation of cavities and micro cracks inducing
large deformation and decreasing strength of product [28].

In addition, from the perspective of geometric poten-
tial theory, the bond between layers in the 3DP specimen
can be analogous to the gecko effect in making micro yarn
or membrane from nano fibers by electrospinning. Each
nano fibers that fall down will overlap and stick to fibers
that have previously been settled on the layer below or
on the base. Manufacturing products with same thickness,
the product that requires a large number of layers will have
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w w
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Figure 5: The graph of relation between tensile strength and nozzle
diameter

a low bond strength due to gecko effect or smart adhesion
decreased [29-31].

In this 3DP process, the molten filament of PLA was
deposited on warm bed maintained at 60°C where it was
then left to atmosphere cooling, a condition which favor
an amorphous, and thus less strong polymer structure [32].
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Comparing tensile strength of products created with dif-
ferent nozzle holes size, the bigger hole is able to allow
the raster or infill become slightly overlap attributing in
stronger interfacial bonding between adjacent infill [33]. In
contrast, the small hole of nozzle leads to the formation
of in-plane neighboring infill that barely touch, resulting
to weak horizontal bonds. Thus, product integrity is pri-
marily achieved through bonding to subsequent layer and
not within the same layer [34]. The SEM images in Figure 4
shows these conditions.

4 Conclusion

The experimental study demonstrates that the increasing
of nozzle hole diameter of 3D printing process tends to in-
crease the product density and tensile strength. It should
be kept in mind that the layer thickness was adjusted ac-
cording to ratio to nozzle hole diameter. It is able to guar-
antee that 3D printing must not be conducted at slow rate
in order to get mechanically a strong product. However,
inconsistency of products is still as a big problem in 3D
printing that it must be solved by setting all of both soft-
ware (Cura) and hardware (Creality Ender 3) parameters
correctly.
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