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ABSTRACT

3D printing is a manufacturing process that is usually used for modeling and prototyping. One of the most popular printing techniques
is fused deposition modeling (FDM), which is based on adding melted material layer by layer. Although FDM has several advantages
with respect to other manufacturing materials, there are several problems that have to be faced. When setting the printing options,
several parameters have to be taken into account, such as temperature, speed, infill percentage, etc. Selecting these parameters
is often a great challenge for the user, and is generally solved by experience without considering the influence of variations in
the parameters on the mechanical properties of the printed parts.This article analyzes the influence of the infill percentage on the
mechanical properties of ABS (Acrylonitrile Butadiene Styrene) printed parts. In order to characterize this influence, test specimens
for tensile strength and Charpy tests were printed with a Makerbot Replicator 2X printer, in which the infill percentage was varied but
the rest of the printing parameters were kept constant. Three different results were analyzed for these tests: tensile strength, impact
resistance, and effective printing time. Results showed that the maximum tensile force (1438N) and tensile stress (34,57 MPa) were
obtained by using 100% infill. The maximum impact resistance, 1,55J, was also obtained with 100% infill. In terms of effective
printing time, results showed that printing with an infill range between 50% and 98% is not recommended, since the effective
printing time is higher than with a 100 % infill and the tensile strength and impact resistance are smaller. In addition, in comparing the
results of our analysis with results from other authors, it can be concluded that the printer type and plastic roll significantly influence
the mechanical properties of ABS parts.

Keywords: 3D printing, mechanical properties, FDM process, ABS, makerbot replicator 2X.

RESUMEN

La impresién 3D es un proceso de manufactura que se basa en la fabricacién de prototipos, partes y piezas funcionales. Existen
diferentes métodos, en los cuales se utilizan distintos materiales en diversos formatos. Uno de los métodos mas utilizados es el
modelado por deposicién fundida (FDM). A pesar de las ventajas que posee con respecto a otros procesos de fabricacion, la
impresién 3D no esta libre de dificultades o problemas. Al momento de configurar una impresién, se deben ingresar parametros
para cada una de las variables presentes en el proceso, como por ejemplo: temperatura, velocidad, porcentaje de relleno, etc. La
eleccién de dichos parametros muchas veces resulta ser un problema para el operador, y generalmente se realiza en funcién de su
experiencia, sin considerar la influencia que estos parametros tendran en las propiedades mecanicas del elemento terminado. Este
trabajo analiza la influencia del porcentaje de relleno en la resistencia mecanica de piezas fabricadas en ABS (Acrilonitrilo Butadieno
Estireno). Para ello, se imprimieron probetas para ensayo de traccién y Charpy, variando el porcentaje de relleno, y manteniendo
los demas pardmetros constantes. Seguido de esto, se ensayaron las probetas para obtener los valores de resistencia a la traccién
y resistencia al impacto. Esto se realiz6 con una impresora Makerbot Replicator 2X. Ademads, se analizé el tiempo efectivo de
impresién para conocer la variabilidad de este pardmetro al modificar el porcentaje de relleno.Este estudio permitié determinar la
fuerza resistente maxima que se obtuvo con un porcentaje de relleno de 100%, fue de (1438 N), con una resistencia de (34,57 MPa).
La méaxima resistencia al impacto se obtuvo también con 100% de relleno fue de 1,55). En cuanto al tiempo de impresion, los
resultados son bastante interesantes, ya que se logr6 identificar que en el intervalo de 50 a 98% de relleno no es conveniente
imprimir, ya que el tiempo de impresién es mayor que con 100 %, y la resistencia a la traccién y al impacto son menores, por lo que
no se justifica efectuar impresiones en ese rango de porcentaje de relleno.
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Introduction

3D printing is a manufacturing process based on layer
addition, and has a number of benefits with respect to
other similar manufacturing processes. This technique has
prevailed since it is rather easy to produce complete parts
(Caulfield 2007), and this has led to a huge reduction in
part manufacturing periods, as even the post-processing of
these final parts can be eliminated (Sood 2010). Moreover,
this technique has several other advantages, including the
wide range of materials that can be used, the possibility
of manufacturing highly complex parts, and the low
acquisition and manufacturing costs (Chua 2003; Sood
2010).

These advantages have led to widespread dissemination of
this technique among designers, scientists, engineers, and
students due to its wide application range.

Although 3D printing was developed more than two
decades ago, its potential has been exploited in only the
last 5-10 years. This boom was possible because of the great
advances made in the hardware, software and materials
fields, which significantly reduced acquisition costs, which
now start at 700 US dollars (USD) and go up to 10 000
USD.

Thanks to the popularity of 3D printing, it is now being
analyzed by economists, who predicted that in 2015 this
market generated around 3,8 billion USD (Credit Suisse,
2013), and that by 2021 it will rise to 10,8 billion USD,
meaning that in only 6 years there will be an increase of
184 %. One of the main reasons of this huge increase is
the expiration of the FDM printing process patent in 2009.

State of the art

Fused Deposition Modeling (FDM) is one of the most
popular 3D printing methods. This manufacturing technique
consists of adding several layers by extruding and laying
a melted material, normally ABS or PLA plastics. The
printing material, which is initially structured as a filament,
is extruded through a highly heated nozzle, melting the
filament and laying it on a platform. At the same time, the
nozzle structure describes a rectilinear movement on a
plane in order to generate the geometry of the part, layer
by layer. Each pass corresponds to a layer of the melted
material, which is bound to the adjacent layer by the
thermal energy produced in the melting process.
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Once the part has been manufactured, the structure consists
of anisotropic laminas (Es-Said 2000), which means that
the final product will have different mechanical properties
depending on the direction.

The FDM process allows for control of the mechanical
properties by varying printing parameters such as layer
thickness, laying direction, number of shells, distance
between nozzle and platform, etc.

Several researchers have analyzed the printing process’
parameters and its effects on the product’s properties,
superficial roughness, etc. This manufacturing process
includes the melting and solidification of the material,
which leads to the generation of residual stresses. These
stresses are generated in the material due to the temperature
gradient and contraction that are produced during the
process. Kantaros & Karalekas (2013) studied the influence
of layer thickness and printing orientation on the residual
strain, concluding that the residual strain is minimal when
using a longitudinal orientation (0°) and a layer thickness
of 0,25 mm.

In addition, it is known that parts printed using the FDM
method show an emptiness percentage inside these parts,
i.e. there are small volumes inside the product that are not
filled with the extruded material. This effect is caused by
the sudden directional changes in the process and appears
mainly in the areas close to the external surface of the part.

This phenomenon can be reduced by increasing the
extrusion temperature. Gajdos & Slota (2013) show that if
the extrusion temperature is increased from 280°C up to
290°C, the empty zone volume decreases from 15,86 % to
11,17 %. Moreover, if the ambient temperature is increased
from 70°C to 75°C, this percentage decreases even more,
to 10,34% (considering a constant extrusion temperature
of 290°C).

The filament bond is produced by the adhesion of the
melted material. This process is gradual and depends on
time and temperature. When a melted filament comes into
contact with a partially melted one, a neck is produced
in the interface, which grows with time. Several works
(Bellehumeur 2004; Li 2002) show that if the temperature
is sufficiently high for longer than the specified time, the
neck grows to the size of the filament diameter.

In addition, other studies (Li n.d.; Rodriguez 2003) show
that the adhesion resistance of the filaments is smaller than
the nominal ABS resistance, and therefore it is expected
that the mechanical properties of the printed parts will
differ from those of nominal ABS material.

In order to overcome this problem, recent advances
(Nikzad 2011) have led to the development of new printing
materials, mixing ABS with small particles of Fe and Cu,
and thus modifying the mechanical properties of the
printed parts. Moreover, carbon fiber reinforced plastic has
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been developed for improving the mechanical properties
(Ning, F., 2015).
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Figure 1. Printing filament orientations: a) 0° b) 45°, c) 90° and d)
+45°/-45° (Ziemian & Sharma 2012).

Another printing parameter that has been analyzed is
filament orientation during the printing process (Ziemian &
Sharma, 2012). Four different orientations were studied: 0°,
45°,90° and +45%-45° (see Figure 1) in order to compare
the tensile strengths. The 0° oriented parts yielded the
highest tensile strength, reaching up to 25,72 MPa, since
the test force was applied along the filament direction.
On the contrary, the specimen that showed the smallest
resistance was the one with a 90° filament orientation.

In addition to the analysis of the above parameters, Weinmann
(2003) checked the influence of all the printing parameters
simultaneously, using a factorial DoE methodology in order to
choose the best possible combination for obtaining improved
mechanical properties in the final parts. Other authors have
worked with DoE in order to know the influence of printing
parameters (Montero 2001).

Tymrak (2014) characterized the mechanical properties
of test specimens printed with ABS and PLA, taking into
account different layer thicknesses and filament orientation
values (the rest of the parameters had constant values and
100 % filling). Results showed that the +45°%-45° orientation
and 0,2 mm layer thickness values yielded the best tensile
strength test results. Furthermore, the specimens printed with
0,4mm layer thickness and the ones with 0/90° orientations
showed the highest elastic modulus during the tests.

Although the above mentioned studies have identified some
optimum values for the various printing parameters, and even
if there are several studies that contribute to the knowledge
of their mechanical properties (Torres 2015; Luzanin 2014;
Montero 2001; Ahn 2002; Lee 2007; Bellini & Giigeri,
2003; Durgun & Ertan, 2014), there are still uncertainties
regarding certain other parameters, which can be obstacles
for users. One such parameter is the infill percentage.

When setting the printing parameters, the infill percentage of
the part, i.e. the amount of printed material that the printed
part will have inside it, needs to be specified. This parameter
can vary from 0% up to 100 %. When the setting is 0%, the
printed part will only have an external surface (which will
depend only on the number of shells) but it won’t have any
printed material inside the external surface. If the percentage
value is higher than 0%, the machine will lay material inside
the part, using a specific laying geometry pattern that will
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depend on the printer manufacturer. The majority of printers
(including the one analyzed in this work) use a default
hexagonal building pattern, although sometimes the printer
allows different printing geometrical patterns to be used.

Methodology

The aim of this article is to analyze the influence of the
infill percentage on the mechanical properties of parts
printed using the fused deposition modeling method and
a Makerbot Replicator 2X printer. Three different issues
regarding variation in the infill parameter were studied:
maximum tensile force, maximum impact force and
effective printing time.

ABS test specimens were manufactured according to ASTM
D638-10, Standard Test Method for Tensile Properties of
Plastics, and ASTM D6110-10, Standard Test Method for
Determining the Charpy Impact Resistance of Notched
Specimens of Plastics, and they were submitted to tensile
strength and Charpy tests according to the respective
standards.

The test specimens were manufactured with a linear 5%
increase in infill percentage, starting at 0% and going up to
100 %, while keeping the other printing parameters constant:

e Platform temperature: 125°C.
e Extrusion temperature: 250°C.
®  Print speed: 90 [mm/s].

e Travel speed: 150 [mm/s].

*  Number of shells: 2.

e Layer thickness: 0,2 [mm].

e Nozzle diameter: 0,4 [mm].

e Printing pattern: hexagonal.

Five test specimens were printed for each infill condition.
However, some specimens were reprinted due to
inappropriate behavior during the tensile strength tests
(such as breaking out of the reduced area). In total, 108
test specimens were printed for the tensile strength test and
105 for the Charpy test. The specimen orientation is shown
in Figure 2.

Figure 2. Specimen model for the tensile strength test.
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In addition to the tensile strength and Charpy tests,
the effective printing time was also analyzed due to its
relevance in the manufacturing process. This parameter
corresponds to the time taken by the printer to completely
print a part, subtracting the nozzle and platform heating
times. In order to quantify this parameter, the nozzle and
platform heating times were noted down during the printing
of the test specimens, and then subtracted from the final
printing times, which are shown in the printer display once
the printing process has finished.

Tensile strength tests

Tensile strength tests were performed according to the
procedure detailed in ASTM D638-10. A Universal Gunt
Hamburg WP 310 machine with a 50kN force range was
used for these tests (Figure 3, left). The test speed was set
to 2mm/s.

Figure 3. Universal Gunt Hamburg WP 310 machine (left) and Gunt
Hamburg WP 400 pendulum for Charpy testing (right).

Charpy tests

Charpy tests were performed according to ASTM D6110-10
with a Gunt Hamburg WP 400 pendulum (see Figure 3,
right). Three tests were performed without test specimens
in order to calculate the energy loss due to component
friction and wind resistance. The notching was produced
during the printing process.

Results and discussion

Table 1 shows the results from the tensile strength and
Charpy tests. As can be observed, for most of the infill
percentages, 5 specimens were tested, although for
some cases more specimens were needed, as explained
previously. The following results are presented in Table 1:
mean maximum tensile force, mean impact resistance and
standard deviations for each set of 5 test specimens.

The results were, in some specimen sets, rather scattered.
Thus, the maximum tensile force (tensile strength test)
and maximum absorbed energy (Charpy test) were quite
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different from the mean calculated values. When looking
for the causes of this spread, it was observed that these
extreme values were obtained when printing the test
specimens with a different filament color. Therefore, the
results obtained with this different color were erased from
the final results and calculations.

Table 1. Results from tensile strength and Charpy tests.
Tensile strength test Charpy test
%) @ %)

mill (%) 58 25. 5& 5% sy 58
23 35° 53 TY EL® i
2 =g o] =3 = 2]
0 5 592,50 47,87 054 021
5 5 660,00 8,16 5 0,62 0,27
10 5 665,00 47,96 5 076 026
15 6 716,67 72,34 5 075 0,10
20 6 730,00 45,46 5 0,85 0,09
25 5 760,00 68,80 5 0,63 023
30 5 896,00 70,92 5 0,86 0,12
35 5 966,00 23,02 5 0,90 0,08
40 5 884,00 36,47 5 082 0,18
45 5 813,33 80,83 5 0,92 0,10
50 5 920,00 69,28 5 113 0,04
55 5 903,33 11,55 5 089 0,11
60 5 860,00 10,00 5 1,08 0,12
65 5 880,00 17,32 5 131 017
70 5 886,67 25,17 5 1,15 0,09
75 6 97667 72,34 5 1,15 0,20
80 5 886,00 59,41 5 1,05 016
85 5 892,00 26,83 5 122 037
90 5 946,67 11,55 5 129 019
95 5 954,00 18,17 5 1,15 0,04
100 5 143800 26,83 5 1,55 0,07

As can be observed in the curve (Figure 4), the tested
material has a linear stress variation, which corresponds to
the elastic behavior of the ABS plastic (Tymrak 2014). The
test specimens reach a maximum strength of (34,57 MPa),
for a deformation of approximately 0,034 [mm/mm]. When
the applied force is increased, the strength decreases
slightly, until the sudden decrease at 0,063[mm/mm]
deformation, as a result of the material fracture.
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Figure 4. Tensile strength-strain curve from the tensile strength test for
100 % infill.
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The behavior shown in Figure 4 agrees with the ABS tensile
strength-strain results shown by other authors (Lokensgard,
2010). However, the measured maximum strength is
different from the one measured in other tests (Li 2001;
Rodriguez 2003).

Figure 5 shows the maximum mean force vs. infill
percentage for the tensile strength tests. The reason for
using the force instead of strength is because the specimen
resistant area isn’t the cross specimen area, except for the
case of specimen fabricated with 100% infill. As can be
observed, the maximum mean force increases when the
infill percentage is increased, which would be expected
since the higher the infill percentage, the higher the
resistance area. In some cases, when the infill percentage
was increased, the force remained constant or even slightly
decreased. This unexpected behavior can be explained
by uncertainties during the printing process that can’t
be completely controlled: distance between nozzle and
platform, nozzle alignment, platform alignment, uniform
temperature on the platform surface, etc. Small variations in
these parameters can influence the manufacturing process
of the test specimens, showing that the variability of this
process can be significant.

Nevertheless, the curve shows an increasing trend as the
infill percentage values increase. However, this trend
experiences an abrupt increase when changing from 95 %
to 100 % infill, where the force varies from 954 N up to
1438 N, which is almost a 50% increase. The 100 % infill
result was removed (in both tests) because the printing
pattern was different with respect to the other specimens.
In this case, the printing pattern was lineal paralell to X and
Y printing direction.

1200
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600 1

y =-0,0562 x> + 8,4598 x + 611.26
R2=0,8103

400

Maximun mean tensile force [N]

200

0 20 40 60 80 100
Infill (%)

Figure 5. Maximum mean tensile force vs. infill percentage.

The curve that is shown in Figure 5 is an order 2 polynomial,
since a linear approximation gives R results smaller than
0,8. One conclusion from this trend is that the tensile
strength of parts manufactured with this method will
increase gradually when increasing the infill percentage
between 0 and 95 %.

The influence of the infill percentage on impact resistance
was analyzed by using the Charpy test results (Figure 6). As

o114

can be observed, this relationship is almost linear, i.e. the
impact resistance is proportional to the infill percentage.
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Figure 6. Impact resistance vs. infill percentage.

Results show that the maximum impact resistance, 1,55], is
obtained when using 100 % infill.

Figure 6 also shows that there is an unexpected impact
resistance decrease in some of the test specimens when
the infill percentage is increased. This is caused by the
uncertainties of the printing parameters, as was explained
for the case of the tensile strength tests.

In addition, Figure 7 shows the variation of the effective
printing time with respect to the infill percentage. Results
show that the effective time varies almost linearly when
increasing the infill percentage with the range from 0 to
95 %. This effect was expected: since if the infill percentage
is increasing linearly, the infill material will also increase
linearly, as will the time that the nozzle spends extruding
the material and placing it layer by layer. However, when
printing with 100% infill, the effective printing time
drastically reduces and equals the effective time of a 45%
infill test specimen.

40
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W

Effective printing time [min]
N
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w

0 20 40 60 80 100
Infill (%)

Figure 7. Effective printing time vs. infill percentage.
In order to analyze this unexpected phenomenon, the

printing process was inspected visually, and it was
concluded that the manufacturing process for a 100 % infill
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is different than the one used for smaller infill percentages.
With 100 % infill, the printer moves linearly on the X and
Y axes, and thus the resulting infill consists of alternating
filament layers oriented in these 2 directions, i.e. one layer
will have X-oriented filaments and the other layer will
have Y-oriented filaments. This pattern is set only for infill
percentages between 99 and 100 %.

In contrast, when a smaller infill percentage is set, the infill
printing consists of a hexagonal pattern. The size of the
hexagons will depend on the infill percentage that is set: the
higher the infill percentage the smaller the infill hexagons.

This manufacturing difference has a significant effect on
the effective printing time. As can be observed in Figure
7, the effective printing time for a 100 % infill part will be
the same as for a 45 % infill part. However, when the infill
percentage is between 50 % and 98 %, the effective printing
time will be longer than for 100%. This is caused by the
size of the hexagons, since when the infill percentage is
high, the size of the hexagons is small and the nozzle has to
travel a longer distance to print the same element.

It is important to be aware that the printing software gives
an estimation of the printing time, and in general it is rather
accurate. However, when using a 99-100% infill, the
estimation error is significant because it doesn’t take into
account the time reduction due to the change of geometry
pattern, and instead it considers that the time increase is
proportional to the infill percentage increase.

Conclusions

According to the results, the maximum tensile strength
force for ABS parts, 1438N, is reached at 100% infill.
Moreover, the maximum tensile stress for 100 % infill parts
is (34,57 MPa).

Furthermore, the maximum impact resistance, obtained
with Charpy tests, is 1,55, again with 100 % infill. However,
it was also determined that the mechanical properties will
not be always constant, since there are several uncertainties
due to other printing parameters that are difficult to control.

It is also interesting to compare these results with the ones
that are available in the literature for the same material
(ABS) but different printers. Results from Tymrak 2014 show
that the mean tensile stress for 100% infill is 28,5 MPa,
which is significantly smaller than the (34,57 MPa) result
obtained in our tests. From this it can be concluded that the
printer type or printer manufacturer, as well as the plastic
roll manufacturer, are parameters than can significantly
influence the mechanical properties of the printed parts.

In addition, another important contribution of this study
is the analysis of the effective printing time. Generally,
3D printing users select smaller infill in order to reduce
printing time or save material. However, according to our
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results, some general recommendations can be given for
this Makerbot Replicator 2X printer (and it may be extended
to other printers):

*  When looking for fast printing but not mechanical
resistance, small infill percentages are recommended.

e If a user wants high mechanical resistance and a fast
process, it is preferable to use 100 % infill.

* In general, infill values between 50% and 98 % are not
recommended, since the gains in mechanical resistance
are countered by longer effective printing times.

Moreover, it is recommended to increase the extrusion
temperature for ABS from 230°C to 250°C in order to
obtain the best possible results during experimental studies
and investigations.

Another recommendation is that for small parts or parts
with complex geometries, it is recommended that the travel
speed be reduced in order to avoid deformed parts.
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