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Abstract

Polylactic Acid (PLA) is a widely used material in Fused Deposition Modeling (FDM) technology. Additive Manufacturing
(AM) parameters are known to have an influence on the mechanical properties of final components. In FDM, the layer thickness
is an influencing parameter providing overall better mechanical properties with lower layer thickness values. In that case, the air
gaps created between layers and raster lines have a lower share in total volume. However, layer over-compression might be an
issue when choosing the lowest layer thickness options. This research paper investigates the impact properties of PLA material
with variations in layer thickness namely, 0.1, 0.2, and 0.3 mm are considered here. Charpy tests were used for the impact
property assessment, and all specimens were prepared with 100% infill percentage and honeycomb infill structure. Worth
mentioning is that specimens have AMed notches. The impact tests were carried out on 7 specimens per batch (a total of 21
specimens). Therefore, obtained impact results from an instrumented pendulum were observed between groups to have an insight
into the beneficial influence of lower layer thickness on impact properties and lower result scatter that finer layer resolution
should produce.
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1. Introduction

At first, AM technology was used for rapid prototyping purposes, because of its faster and cheaper production
compared to conventional (subtractive) methods. Over time, with the increase in available production methods and
materials, the utilization of this technology in the production of functional components was also taken into
consideration. Now, the importance of particular AM technology is not measured only by fabrication time,
production energy consumed, and quantity of material used, but also by the potential of a particular AM technology
to deliver components for functional applications.

For this estimation material’s mechanical properties have to be obtained using standardized tests, and the most
probable first choices are tensile, compressive, and flexural tests. Most used are the tensile tests, providing valuable
information about the material, utilized in research works by Popovi¢ et al. (2023), Pandzi¢ et al. (2019a), Pandzi¢ et
al. (2019b), Milovanovi¢ et al. (2022a). A comprehensive mechanical property assessment using all three test
methods for AMed materials dedicated to dental aligners is shown in Milovanovi¢ et al. (2021). Also valuable are
the tests from fracture mechanics aspects, as in Milovanovi¢ et al. (2022b), and Milovanovi¢ et al. (2022c¢).

For a better insight into the material’s behaviour impact properties are also preferable. Standardized impact tests
include Charpy and IZOD tests. These two methods differ in specimen geometry and placement on the impact
machine, but they both evaluate the same material property, as stated by Popa et al. (2022) and Ailinei et al. (2022).

In FDM, the printing parameters and materials used dictate the mechanical properties of finished components.
The proof of the significant influence of the raster angle on impact strength was investigated by Rajpurohit et al.
(2020), and Patterson et al. (2021) also investigated build orientation with raster angle on seven different materials.
As stated by Patterson et al. (2021), brittle materials (e.g., PLA) have more consistent impact properties. Build
orientation influence on impact strength was also a subject in Stoia et al. (2022) research in the case of Polyamide
material, used in SLS technology. Popa et al. (2022) investigated the dependence of specimen thickness on IZOD
impact strength, for PLA and PETG materials. Here, PLA material has higher impact force values than PETG but
has lower overall deflection. A particularly interesting research finding is that higher specimen thicknesses produce a
higher value scatter of results. Our research matches the lowest specimen thickness used in the Popa et al. (2022)
paper, namely 4 mm.

Except for impact testing of individual materials current research papers cover the properties of composite FDM
materials, either as fiber-reinforced or created by stacking layers of different materials. For example, a dual-extruder
FDM machine allows for the creation of one layer from one material, and then the other material comes in the next
layer. Ahmed et al. (2021) investigated the properties of composites that contain fiber-reinforced PLA in one layer
and ABS material in the other. The conclusion here shows that more ABS layers create higher impact strength, and
all PLA layers here have brittle fracture surfaces. Ferdinand et al. (2023) used PLA with added synthetic polymer
fibers, such as PET and PVA, showing that PVA is a more efficient impact modifier among selected reinforcements.
Research shows that fiber characteristics and its adhesion with the matrix material are the main factors for the
composite material's impact properties. PLA is a bio-based material, and Tian et al. (2022) focused their research on
incorporating nano-fibrillated cellulose into PLA resulting in a 2.3 times higher impact strength of such material.

The subject of this research paper is the influence of layer thickness on the impact properties of PLA material,
i.e., impact force-deflection, impact energy-deflection response, maximum impact force value, deflection at the point
of break, impact energy, and impact strength values.

Nomenclature

AM Additive Manufacturing

FDM  Fused Deposition Modeling

PLA  Polylactic Acid

SLS Selective Laser Sintering

PETG Polyethylene Terephthalate Glycol
ABS  Acrylonitrile Butadiene Styrene
PET Polyethylene Terephthalate
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PVA  Polyvinyl alcohol

2. Materials and Methods

The research covers three different layer thickness values namely, 0.1 mm, 0.2 mm, and 0.3 mm. Specimens were
prepared according to ISO 179 standard, with chosen type A notch (see Fig. 1, Left). Specimens’ notches were
AMed, not machined- as suggested by Valean et al. (2020). All specimens have two outlines and a honeycomb infill
structure (see Fig. 1, Right). The honeycomb structure has proven to be the best choice regarding mechanical
properties among all available infill patterns in the utilized Simplify3D slicer software (Simplify3D, Cincinnati, OH,
USA), as stated by Milovanovi¢ et al. (2022d). The infill percentage is set to full (100%).

The tests are conducted on the instrumented pendulum, Instron CEAST 9050 machine (see Fig. 2) with hammer
properties listed in Table 1. The sampling rate was set to 1000 Hz, adequate for the interpretation of results. The
specimens were tested in an edgewise direction, with a 60 mm span between the anvils. The standard defines five
specimens for sufficient repeatability, but just in case two additional specimens were prepared- giving a total of
seven specimens per batch.

10

Fig. 2. Instron CEAST 9050 Charpy instrumented pendulum.

Table 1. Charpy hammer properties.

Parameters Values

Potential energy 5]
Impact speed 2.9 m/s
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Starting angle 150°
Weight 1.186 kg
Length 229.7 mm

3. Results and Discussion

The impact force and impact energy dependence from deflection are shown for all three chosen layer thicknesses
in Fig. 3. Each chart contains seven curves, for all individual specimens.
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Fig. 3. (Top-Left) Force-deflection for 0.3 mm; (Top-Right) Energy-deflection for 0.3 mm; (Middle-Left) Force-deflection for 0.2 mm; (Middle-
Right) Energy-deflection for 0.2 mm; (Bottom-Left) Force-deflection for 0.1 mm; (Bottom-Right) Energy-deflection for 0.1 mm.

The repeatability of impact force and energy response relative to deflection is notable, as can be seen from all the
charts in Fig. 3. Especially good repeatability is apparent in the first elastic impact domain (i.e., force increase from
zero value until the first peak) and first damage event (i.e., decrease in force after the first peak until the first gradual
increase in force). Unlike the batches with lower layer thickness, the 0.3 mm batch contains a distinctive plateau
before reaching the first peak (also visible on the average curve chart, Fig. 4- Left).

The similarity in response for the 0.1 mm and 0.2 mm batches can also be seen in Fig. 4, Right (average impact
energy-deflection curves). The effect of plastic deformation can be derived from the displacement increase at a
constant energy level, as stated by Krausz et al. (2021). The plastic deformation is visible from 0.3 mm until 0.5 mm
deflection for 0.1 mm and 0.2 mm layer thickness batches. Unlike these two batches, the 0.3 mm batch has a
significantly smaller plateau here. Also, the impact energy value is higher for both lower thickness batches (values
are about 0.09 J), and the impact energy value for the 0.3 mm batch is around 0.07 J (see Fig. 4, Right).

In FDM, higher layer thicknesses have lower adhesion between layers and a larger portion of air gaps in the
cross-section. For these stated reasons, the 0.3 mm batch differs so much from the other two higher-resolution
batches.

Average curves
100“/? infill !

Average energy curve shape

s
250 ! : 100/7 infill !

e

T T

Average 0.3 mm 100%
- Average 0.2 mm 100%
Average 0.1 mm 100%

225

=<3
o
@

200

©
=3
@
T
L

175

=]
=)
Q
T
L

150 - ; | f— \ 1

=)
=
=
T
L

1251 | f— ) 8

100+ | | f I ] | 5

Impact force [N]
Impact energy [J]
o o
® &
| |

B i / / | / | 1

=)
=
@

50 —F \ ! 4

o
Q
[N}

25

| Average 0.3 mm 100%
Average 0.2 mm 100%
Average 0.1 mm 100%

=)
T
|
o
2

-25

L L L 1
0.1 02 03 04 05 06 07
Deflection [mm]

Fig. 4. (Left) Average force-deflection curves; (Right) Average energy-deflection curves.
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The maximum impact force and the value of deflection at the break for the observed layer thicknesses are shown
in Fig. 5. The maximum impact force is higher in lower layer thicknesses (see trendline, Fig. 5- Left). Unfortunately,
the highest value scatter is present in the 0.1 mm batch, due to the presence of the highest peaks later in the
propagation phase (see Fig. 3, Bottom-Left). In the 0.3 mm batch, the highest values are located at the first peak, in
the 0.2 mm batch the maximum values are mostly placed at the second peak. The maximum impact force value
range is 11.489 N and 13.123 N for the 0.2 and 0.3 mm batches, respectively. In the 0.1 mm layer thickness batch
the value range is much higher, i.e., 35.24 N. The 0.1 mm batch is unique because it has a considerable number of
maximum impact force values located at the last peak. On the one hand, this is an advantage for this layer thickness
because it can withstand high forces later in the propagation phase. Unfortunately, this may produce a high scatter of
the force values.

The same applies to the deflection at break values (see Fig. 5, Right): the trendline shows higher values for lower
layer thicknesses. The highest value scatter is present in the 0.2 mm batch, mostly due to specimens no. 2 and 5
reaching a much higher deflection than the other specimens from the batch (see Fig. 3, Middle-Left). Here, five
specimens experienced a break at around 1 mm, the other two failed at around 1.3 mm and 2 mm. Because of that,
the deflection at the break range for the 0.2 mm batch is the highest, i.e., 1.068 mm. In the 0.3 mm batch, there were
deflection recordings after the last peak, resulting in a 0.432 mm range in break deflection values. In contrast to the
mentioned batches, all of the 0.1 mm specimens experienced a break at almost the same location, resulting in a
deflection value range of just 0.044 mm.
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Fig. 5. (Left) Maximum impact force values; (Right) Deflection at break values.

The impact energy and impact strength values are shown in Fig. 6. From both charts the trendline shows that
lower layer thicknesses produce higher values. The highest value range is present in the 0.2 mm batch, due to the
large difference in deflection at the point of specimen break. Namely, two of the 0.2 mm specimens accumulated
more energy because they experienced break much after 1 mm, where almost all of the tested specimens failed. That
is the reason why two of the 0.2 mm specimens had much higher values than the rest of the batch. The range in
impact energy values is shown in Fig.6- Left. The range in impact strength values is also the highest in the 0.2 mm
batch. The impact strength values (Fig. 6- Right) have a similar trendline and range as impact energy due to the
impact energy value being a constituent of the impact strength equation from ISO 179. The average impact strength
values for all three chosen layer thicknesses are shown in Table 2.
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Fig. 6. (Left) Impact energy values; (Right) Charpy impact strength values.
Table 2. Average impact strength values for all three chosen layer thicknesses.
Layer thickness (mm) 0.3 0.2 0.1
Average impact strength (kJ/m?) 2.0378 2.2572 2.5248

4. Conclusions

The Charpy impact tests were conducted on full infill specimens with different layer thicknesses namely, 0.3 mm,
0.2 mm, and 0.1 mm. All specimens were prepared according to ISO 179 standard, with a type A notch. The notch
was directly AMed, not machined. The results are interpreted on impact force/energy-deflection charts and maximal
impact force, deflection at the point of break, impact energy, and impact strength value charts relative to specimen
thickness. Some conclusions are imposed here:

o High repeatability of results is present concerning impact force/energy response, relative to deflection.

e From average curves the matching between 0.2 mm and 0.1 mm batch is visible.

e Overall, higher impact force, energy, deflection at the point of break, and impact strength are achieved with lower
layer thicknesses.

e Average impact strength values here are in the range between 2.0378 and 2.5248 kJ/m?.

e The highest overall impact property value range is present in the 0.2 mm layer thickness batch, due to some of
the specimens there failing much after the rest of the batch (see the impact force-deflection chart- Fig. 3, Middle-

Left).
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