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Abstract. As one of the main forming processes in Additive Manufacturing
(AM), FDM(Fused Deposition Modeling) has the advantages of low cost, fast
speed, no need for molds during forming, high forming flexibility, and can
quickly adapt to customized market demands. Therefore, it has received increas-
ing attention in recent years. During the use of FDM products, the mechanical
properties, especially the impact performance of FDM products are also of great
concern. It has been investigated that the influence of FDM forming process pa-
rameters, including layer thickness, infill density, and infill pattern, on the impact
performance of polylactic acid (PLA) in this article with the single factor method.
The range analysis results indicate that the infill density has the greatest impact
on the impact performance of PLA, followed by layer thickness. In addition, the
infill pattern also has a significant impact on the impact performance of PLA.

Keywords: FDM, polylactic acid (PLA), impact properties, 3DP, process pa-
rameters.
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1 Introduction

Additive manufacturing, also known as 3D printing, is a manufacturing method based
on the discrete-stacking principle. Due to its fast-manufacturing speed, high flexibil-
ity, and easy customization, it has received widespread attention in recent years. Ac-
cording to ASTM F42 and ISO TC 261, Additive Manufacturing processes are divid-
ed into Vat photopolymerization, Powder bed fusion, Material extrusion, Material
jetting, binder jetting, sheet lamination, and Directed energy deposition'. As one of
the earliest processes of material extrusion, FDM has been widely used due to its
advantages of low material cost, simple equipment, and low cost of use and mainte-
nance.

Polylactic acid (PLA) is a novel biodegradable material with excellent mechanical
and physical properties, good biocompatibility, and environmental friendliness.
Therefore, in recent years, PLA has been widely used, especially FDM. By using
FDM technology to form PLA products, PLA products can be quickly manufactured
with a simple manufacturing process that is not sensitive to the complexity of the
product shape. However, due to the fact that FDM is based on the principle of layer
by layer stacking manufacturing, its mechanical properties are relatively low com-
pared to traditional extrusion molding and injection molding products. How to im-
prove the mechanical properties of PLA products has become a hot topic. Many
scholars have conducted extensive research on the influence of FDM process parame-
ters on the properties of polylactic acid products. Wei? and Ramadan’respectively
studied the effects of FDM process parameters on the tensile properties and energy
consumption of PLA products. Nyabadza et al*. studied the effect of FDM process
parameters on the compression and antibacterial properties of their PLA products.
Venkateswar et al’. studied the effect of FDM process parameters on the tensile
strength of carbon fiber reinforced PLA products. Kartikeyan et al® investigated the
effect of layer thickness on the mechanical properties of PLA manufactured by FDM
through experimental and theoretical analysis. This article discusses the effects of
printing layer thickness, infill density, and infill patterns on the impact performance
of polylactic acid.

2 Experimental

2.1  Materials and Equipment

The experimental materials PLA wire and 3D printer (model CR-5 Pro) were pur-
chased from Shenzhen Creality 3D Technology Co., Ltd.

2.2 Sample Preparation

The FDM impact specimens are first designed using Solidworks software according
to the GB/T 1843-2008 standard, and then saved in STL file format. Then, the slicing
software provided by the 3D printer is imported to set the printing parameters and
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generate a G-code file. Finally, the G-code is input into the 3D printer to print the
specimen spline.

2.3  Impact Performance Testing

An Izod Impact Tester (TY-4020, Jiangsu Tianyuan Testing Equipment Co., Ltd.,
China) was employed to conduct impact tests according to GB/T 1843 (2008). All
tests were conducted at room temperature and five specimens were used in each test
to obtain the average value.

24 SEM

The scanning electron microscope (JSM 6510, Japan Electronics Corporation) was
used to observe the fracture surface of the impact specimen. The PLA fracture surface
was covered with carbon spraying before observation.

2.5 Experimental Parameter Design

This article uses the controlled variable method to design experiments to study the
effects of printing layer thickness, infill density, and infill pattern on the impact per-
formance of PLA. Among them, the parameter design is shown in Table 1.

Table 1. Experimental Parameters

No. | layer thickness /mm | infill density /% | infill pattern
1 0.12 20 cubic
2 0.16 20 cubic
3 0.20 20 cubic
4 0.24 20 cubic
5 0.28 20 cubic
6 0.20 20 cubic
7 0.20 40 cubic
8 0.20 60 cubic
9 0.20 80 cubic
10 0.20 100 cubic
11 0.20 20 cubic
12 0.20 20 lines
13 0.20 20 triangle
14 0.20 20 Tri-Hexagon
15 0.20 20 grid
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3 Results and Discussion

3.1 Impact Strength Properties Analysis

[ ] impact strength
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Fig. 1. The relationship between impact strength and layer thickness

Layer thickness refers to the thickness of each layer printed during the printing pro-
cess. In this experiment, the layer thickness increased from 0.12mm to 0.28mm. From
Fig. 1, it can be seen that as the layer thickness increases, the impact strength value of
the sample also increases, from 9.56 to 15.715 KJ/m2, with an increase of about 65%
in impact strength. As the layer thickness increases, the number of layers will de-
crease, and the interface between layers will also decrease accordingly. The strength
reduction caused by the interface is naturally less. Therefore, with the increase of
layer thickness, the impact toughness of the sample will also increase’. This indicates
that increasing the printing layer thickness can improve the impact toughness of PLA
products. The range of impact strength in this group is 6.15.
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Fig. 2. The relationship between impact strength and infill density
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From Fig. 2, it can be seen that as the infill density increases, the impact strength
of PLA products first increases and then slightly decreases. When the infill density
reaches 100%, the impact strength of PLA products reaches 24.1KJ/m? which is
about twice the impact strength of the sample with the infill density of 20%. This may
be closely related to the decrease in porosity of PLA products. When the infill density
of the product is 100%, the porosity is basically zero, and the internal material of the
specimen bears all the impact, thus greatly improving its impact toughness. However,
while increasing the infill density, the time and material usage of 3D printing also
increase. Therefore, if considering impact toughness, manufacturing cost, and manu-
facturing efficiency, the infill density can be prioritize set to 40%. The range of im-
pact strength in this group is 12.07.
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Fig. 3. The relationship between impact strength and infill pattern

A infill pattern is a pattern of printed fill material. Fig. 3 shows the relationship be-
tween the internal infill pattern and impact performance of PLA products. As shown
in the figure, when the internal infill pattern is a grid, the impact toughness of the
product is the best, which is 13.462 KJ/m2. Moreover, the variance of the test results
for products with grid shapes as fill patterns is also very small, indicating their stabil-
ity. The range of impact strength in this group is 2.08.

The analysis of the range of impact strength data for several sets of process param-
eters shows that the infill density has the greatest impact on the impact toughness of
the sample.
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3.2 SEM Morphology of the Fracture of the Specimens
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Fig. 4. SEM images of fracture surfaces at different layer thick-
ness :(a)0.12mm,(b)0.16mm,(c)0.20mm,(d)0.24mm,
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Fig. 5. SEM images of fracture surfaces at layer thickness of 0.28mm

The microstructure of the cross-section of the sample after impact was observed
under a scanning electron microscope, as shown in Fig. 4 and Fig.5. It can be seen
that as the printing layer thickness increases, the roughness of the fracture surface
gradually increases, and the cross-section of the PLA filament material gradually
approaches a circular shape. At the same size, as the layer thickness increases, the



10 W. Zou et al.

number of layers decreases, and the interface between layers is generally a weak link
in mechanical properties. This proves the conclusion in the experimental results that
increasing the layer thickness is beneficial for the material to absorb impact energy,

and the impact toughness of the sample gradually increases.
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Fig. 6. SEM images of fracture surfaces at different infill densities:
(2)20%,(b)40%,(c)60%,(d)80%

Fig. 7. SEM images of fracture surfaces at different infill densities: of 100%

The microstructure of the cross-section of the sample after impact was observed
under a scanning electron microscope, as shown in Fig. 6.and Fig.7. From Fig.6 (b), it
can be seen that when the infill density is 40%, the fracture surface is rougher com-
pared to (a), (c), and (d), which explains the experimental results that the impact
strength of the PLA sample first increases and then decreases. In Fig.7, it can be seen
that when the infill rate reaches 100%, the overall fracture surface is relatively rough,
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and the porosity is also the lowest. The materials that can withstand impact are also
the most, which explains why the impact strength reaches the highest value when the
infill density reaches 100%. Within a certain range, the impact toughness of the prod-
uct will increase with the increase of infill density. After reaching 40-50%, the impact
toughness of the product will first decrease and then increase.

4 Conclusions

Based on the above experimental data, the following conclusions can be drawn:

(1) The infill thickness will affect the impact toughness of the product, and as the
infill thickness increases, the impact toughness of the product continues to increase.
However, due to the step effect, the surface of the product will become rougher.

(2) As the infill density increases, the impact toughness of PLA products will first
increase, then decrease, and finally increase again. The two peak points are at an infill
density of 40% and 100%, respectively. The impact strength value reaches its maxi-
mum when the sample infill density is 100%.

(3) The infill pattern can also affect the impact toughness of the product, among
which products with grid shaped infill patterns have better mechanical properties
compared to other cubes, lines, tri-hexagons, and triangles, with better impact tough-
ness and higher stability of the product.

(4) The range analysis of impact strength data shows that compared to layer thick-
ness and infill pattern; infill density has the greatest impact on the impact toughness
of the sample.
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