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1 Introduction

3D printing process forms the objects from three-dimensional virtual models, which
can be obtained from computer-aided design software. It is suitable for the construc-
tion of particular objects with complex geometries. 3D printing is widely used in
various fields of application, for example, in the aerospace and defense, in auto-
motive and electronics industry, and in the medical sector, which includes dental
applications, prosthetics and bone fixation implants. Consumer industries such as
sports, furniture, jewelry and the food industry have also started the implementation
of 3D printing technologies [1].

In the fused deposition modeling (FDM) process, a thermoplastic material is
extruded from a nozzle and makes the part layer upon layer. The feedstock material
is supplied as a solid polymer filament. The nozzle contains a resistive heater, which
is used to heat the polymer material such that it runs smoothly from the nozzle and
forms the layer. FDM process has significant advantages in terms of eliminating
costly tools, flexibility and the ability to produce very complex parts and shapes. The
limitations of the FDM are the quality of the parts fabricated. It makes it necessary
to understand the performance of parts from the FDM process with the variation
in processing parameters so that they are reliable for different applications. There
are vast applications of FDM in medical industries, viz. dental and bone implants.
Compressive strength is playing a fundamental role in these applications. Numerous
researchers have studied the effect of different process parameters of FDM printed
parts on the compression strength of the parts.
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Chin et al. [2] investigated the compression properties of the FDM parts using
different materials. They observed that parts printed using PCL resulted in higher
strength as compared to other materials. Ahn et al. [3] found that parts printed hori-
zontally on the print bed are resulted in higher compressive strength. Lee et al. [4]
observed that the compressive strength of the part printed in axial direction has
more strength than that of the part printed in the transverse direction. Sood et al.
[5] observed that as the layer height decreases and air gap increases, the compres-
sive strength decreases for the FDM printed ABS specimens. Hernandez et al. [6]
studied the compression strength of FDM made components using different build
orientations. They have observed that samples have higher strength in XY-plane as
compared to Z-plane. Motapatri et al. [7] studied different FDM processing param-
eters, viz. air gap, angle of raster and part orientation for the compression testing
of ABS made parts. They have observed that as compared to vertically made parts,
horizontally build parts resulted in higher strength. Upadhyay et al. [8] reported that
higher compressive strength can be achieved by depositing layers in perpendicular
to the testing. Mishra et al. [9] investigated the impact of built orientation, a number
of perimeters and air gap on compression strength of the FDM printed parts. Jami
et al. [10] stated that parts having solid build have higher strength as compared to
porous specimens. Dave et al. [11], in their experiments, studied the effect of infill
density, layer thickness and print speed on the compressive strength of FDM printed
polylactic acid (PLA) parts.

From the literature study, it is observed that effect of the infill parameters, viz.
density and pattern, is not thoroughly examined for the mechanical properties mostly
for compression strength. In the present work, the effect of three process parameters,
viz. build orientation, infill density and infill pattern on the compressive strength, has
been investigated.

2 Experimental Details

2.1 Material

Polylactic acid (PLA) is used in the present work as a raw material. It is a thermo-
plastic polymer made from various renewable resources. Solid PLA filament having
1.75 mm diameter supplied by eSUN is used to 3D print the compression specimens.
Open source omega dual extruder 3D printer is used in the present work.

2.2 Specimen Preparation

Higher values of compressive strength are very important for parts made of FDM. In
this study, the compressive testing method ASTM D695 was applied for the testing.
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Fig. 1 Compressive test
specimen as per ASTM
D695 standard (all
dimensions are in mm)

Table.1 Parameter levels and
values

Parameters Levels

Orientation Flat, On-edge

Infill pattern Rectilinear, Concentric, Hilbert curve

Infill density 60, 80, 100

The dimensions of the compressive part, according to standard, is shown in Fig. 1.
The 3D models of specimens are prepared using Autodesk Inventor software. After
the test specimen is modeled, it is then exported into slicer software for slicing. After
that, the g-code file is imported into the machine.

2.3 Process Parameters

In this investigation, three different processing parameters, viz. part build orientation,
infill density and infill pattern, were selected. Two types of part build orientation flat
and on-edge were selected. Rectilinear, concentric and Hilbert curve infill patterns
were used for the fabrication of specimen. Three ranges of infill density 60, 80 and
100% were considered in the present work. Process parameters and their range are
tabulated in Table 1.

Specific parameters, viz. nozzle and bed temperature, layer thickness, rasterwidth,
raster angle and speed, were fixed for all the samples.

2.4 Compression Testing

Compressive strength at break is determined in accordance with ASTMD695 (deter-
mination of plastic compression properties) using the PC2000 electronic tensometer
as shown in Fig. 2. It is an automatic material testing system with a crossbar speed
of 1.3 mm/min and a full-scale load range of 20 KN.
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Fig. 2 Compression testing machine

In the present investigation, the full factorial design was selected, and as per
the design, there were a total of 18 combinations of different processing condi-
tions. To ensure the repeatability of the testing of components, all 18 specimens
having different parameter combinations were printed twice and mean values of the
compressive strength were considered for further investigation.

3 Results and Discussion

The full factorial design of 18 samples and compression strength values derived from
both tests with mean and standard deviation values are reported in Table 2.

Analysis of variance (ANOVA) is used to identify FDM processing parameters
that have a significant impact on the compression strength of FDMmade parts. Table
3 shows the analysis of variance for compressive strength. ANOVA analysis repre-
sents the percentage contribution of process parameters on the compressive strength,
where infill density had a maximum contribution of 85.22%. And the contribution
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Table 2 Results of the compression test

Sr. No. Orientation Pattern Density Compressive strength
(MPa)

Mean
compressive
strength (MPa)

SD

Test 1 Test 2

1 Flat R 60 19.6 18.8 19.2 0.57

2 Flat R 80 31.7 32.8 32.25 0.78

3 Flat R 100 57.4 56.6 57 0.57

4 Flat C 60 20.3 19.4 19.85 0.64

5 Flat C 80 34.3 34.5 34.4 0.14

6 Flat C 100 62.4 62.1 62.25 0.21

7 Flat H 60 13.6 15 14.3 0.99

8 Flat H 80 28.4 29.8 29.1 0.99

9 Flat H 100 53.5 50.8 52.15 1.91

10 On-edge R 60 28.1 24.7 26.4 2.40

11 On-edge R 80 45.7 44.1 44.9 1.13

12 On-edge R 100 67 67.4 67.2 0.28

13 On-edge C 60 25.6 27.8 26.7 1.56

14 On-edge C 80 40.4 39.9 40.15 0.35

15 On-edge C 100 57.9 57.8 57.85 0.07

16 On-edge H 60 28.6 25.5 27.05 2.19

17 On-edge H 80 43.5 44.9 44.2 0.99

18 On-edge H 100 58.8 55.2 57 2.55

*R-Rectilinear pattern, C-Concentric pattern, H-Hilbert curve pattern

Table 3 Analysis of variance for compressive strength

Factor DOF SS MS F P Contribution (%)

Orientation 1 22.703 22.70 20.42 0.001 8.55

Infill pattern 2 3.212 1.60 1.44 0.274 1.21

Infill density 2 226.31 113.15 101.8 0 85.22

Error 12 13.33 1.11 5.02

Total 17 265.56 100.00

of orientation and infill pattern was 8.55% and 1.21%, respectively. The p-values
from the analysis indicate the significance of the individual process parameter. For
the build orientation and infill density, the p-value for compressive strength is less
than 0.05, which suggests that orientation and infill density are significant process
parameters for compressive strength.
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3.1 Effect of Process Parameters on Compressive Strength

Figure 3 shows the graphical representation of the correlation between three process
parameters and the strength of the compressive test specimen.

The graphs from Fig. 3 reveal that parts printed with 100% infill density resulted
in higher compressive strength as compared to other infill density. From the graph,
it is clear that Hilbert curve pattern shows the lowest strength values for compres-
sive strength. The results showed that the specimens printed in on-edge orientation
have higher compressive strength in comparison with the flat orientation specimens.
Figure 4 shows the stress–strain behavior of flat and on-edge orientation at 100%
infill density and rectilinear pattern. It has been observed that, after the elastic limit,
the amount of plastic deformation increases when the layers are pressed together and
slows down when the layers are fully squeezed.

The reason behind the higher compressive strength in the parts printed in on-edge
orientation is the arrangement of the layers in the sample. The layers in the on-edge
orientation stacked one above the other, as shown in Fig. 5, and all layers were
arranged perpendicular to the applied load during the compression testing, while, in
the flat orientation, layers were arranged parallel to the applied compression load.
Compression specimens built-in flat orientation fail under compressive load due to
the buckling of layers (Fig. 6), whereas the parts built-in on-edge direction fail under
a higher compressive load due to inter-layer sliding as shown in Fig. 5. Hence, the
on-edge orientation specimen has better mechanical properties in comparison with
flat orientation specimen.

It is observed that the parts printed with higher infill density resulted in higher
compressive strength. The compression specimens having 100% infill density are
fully dense, and rasters are connected to each other as shown in Fig. 7a. While part
having80% infill density, there areminor gaps between the rasters (Fig. 7b).However,
in the case of 60% infill density, these gaps are wider as shown in Fig. 7c. As the
infill density reduces, the gap between the rasters increases and bonding between
rasters became weaker. This was the reason behind lower compression strength at
lower value of infill density as these gaps reduce the ability of the part to resist more
compressive load.

The compression strength of parts printed with rectilinear pattern and concentric
patterns was the same as the rasters are continuous in both of the patterns. However,
in the case of parts printed with the Hilbert curve pattern, the compressive strength
was slightly low as compared to the other two patterns. This may be due to the fact
that in Hilbert curve pattern, there is no longer raster in particular as only short beads
were used, and after few millimeters, bead changes its direction at 90 as shown
in Fig. 8c. Due to this sudden change in direction, extruder experienced jerk and
vibration which leads to uneven deposition and variation in material flow rate and
ultimately resulted in lower values of compression strength.
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Fig. 3 Effect of process parameters on compressive strength
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Fig. 4 Stress–strain curves for compressive stress

Fig. 5 Failure mechanism of compression specimens built-in on-edge orientation

Fig. 6 Failure mechanism of compression specimens built-in flat orientation
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Fig. 7 Parts printed with a 100% b 80% c 60% infill density

Fig. 8 Infill pattern a rectilinear b concentric c Hilbert curve

4 Conclusion

In the present study, a full factorial experiment was carried out to investigate the
effects of part build orientation, infill pattern and infill density on compression
properties of the FDM printed specimen. PLA material was used to fabricate spec-
imen with variations in build parameters on omega dual extruder FDM machine.
It was observed that on-edge orientation shows the higher values of compressive
strength as the compressive load is taken by layer, not by the individual rasters.
Concerning testing results, a decrease in strength with the decrement of infill density
was observed. The parts printed with Hilbert curve pattern resulted in lower values
of compression strengths compared to rectilinear and concentric patterns.
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