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Abstract. The paper presents the scale effect on the compressive behavior of additively manufactured
Polylactic Acid (PLA) parts. The experimental setup is based on quasi-static compression tests
performed on parts manufactured by Fused Filament Fabrication (FFF). The mechanical tests were
carried out on cubic parts (side of 10, 30, 50, 70, 90 and 110 mm) with a test speed of 10 mm/min, at
room temperature and under displacement control. The main investigated properties were compressive
modulus, compressive strength and energy absorption, presenting at the same time discussions related
to the physical properties (print time, dimensional accuracy and mass of the parts). The obtained results
show a strong dependence of the properties on the size of the FFF-printed PLA parts. As expected, the
physical characteristics increase with the increase in the size of the parts, except for the dimensional
accuracy shows low errors and close values. On the other hand, mechanical properties decrease with
the increase in the size of the printed parts, compressive strength and energy absorption showing a more
pronounced decrease.
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1. INTRODUCTION

Rapid prototyping is an industrial production process that allows the construction of complex geometries
and shapes, sometimes impossible to achieve through another processes [1-3]. One of the advantages of rapid
prototyping is given by the fact that a wide range of materials can be used to obtain the desired parts [4, 5].
Some examples could be polymers, ceramics, metals and their alloys, as well as biocompatible materials [6-
8]. Of course, the industries in which this technology can be used are numerous, from the automotive,
construction, sports, to the military, aerospace and medical industries [9-11]. One of the most well-known and
used manufacturing processes is Fused Filament Fabrication (FFF), known for its accuracy, speed and
competitive cost [12, 13]. Also, it is known for the wide range of materials that can be used in the production
of related parts (Polylactic Acid-PLA, Thermoplastic Polyurethane-TPU, Acrylonitrile Butadiene Stirene-
ABS, Polyethylene Terephthalate Glycol-PETG, nylon, etc.), the most used of all being PLA [14-16].

Most of the research carried out through the FFF process focuses on the tensile and flexural mechanical
behavior. In this sense, optimization studies are carried out regarding the most important process parameters
(infill pattern-1P, layer thickness-LT, printing speed-PS, printing orientation-PO, infill density-ID, printing
temperature-PT, etc.) [17-19]. Only a small part of the investigations in the specialized literature is attributed
to the compression behavior. Oudah et al. [20] investigated the effect of process parameters in the case of
compression tests of ABS specimens. They concluded that, among the three investigated parameters (1D, IP
and LT), the one that affects the compressive strength to the greatest extent is the 1D, its contribution being
82%. The three previously mentioned parameters were also investigated by Ali et al. [21], who follow both the
tensile and compressive behavior of the samples obtained by FFF, the best values being obtained for the
samples with 60%-1D, Gyroid-IP and 0.05 mm-LT. Another extensive study using different materials (PETG,
PLA and ABS), with two different PO angles, was carried out by Erdas et al. [22]. They observed that the
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highest force values, in the case of compression tests, are obtained for PLA, followed by ABS and PETG.
Vidakis et al. [23] investigate energy consumption compared to strength in the case of PLA samples subjected
to compression. They conclude that the most influential factors in compressive strength are ID and PO. In
addition, they determine the best agreement between mechanical resistance and energy efficiency. In addition
to the mechanical compression behavior of PLA, Vidakis et al. [24] also investigate that of PLA with graphene,
in the FFF process. The study shows approximately the same behavior for both materials. Moreover, the
authors also study the dielectric of the materials, obtaining an increase in the parameter values in the case of
PLA with graphene. Claudio et al. [25] investigate fatigue behavior (compression-compression), traction and
creep (compression). They obtained a linear dependence between the compressive strength and the density of
the specimens, but do not find any correlation for fatigue.

As can be seen, most studies focus on standardized tensile, compression and bending samples. However,
the extrapolation of laboratory data (on samples) to practical applications (real structures) faces a rather
complex process. The present work investigates the scale effect of 3D printed components under compression
loads. These results help the designers in estimating the laboratory-reality transition as accurately as possible.
The emphasis is placed on strength properties and energy absorption performance. At the same time, data are
presented with reference to the elastic and deformation characteristics of the samples.

2. MATERIALS AND METHODS

A PLA filament was used to manufacture the parts under investigation. The PLA filament was chosen
due to its good physical and mechanical characteristics (high properties, biodegradable, recyclable, non-toxic)
[3]. The filament was purchased in a roll, with a density of 1.24 g/cm?® and a diameter of 1.75 mm.

The supplier reported values for flexural strength of 108 MPa, tensile strength of 60 MPa and elongation
at break of 160%. The filament requires a printing temperature between 190-230 °C, it becomes soft around
60 °C [10].

Figure 1 shows the steps taken from the design of the parts to their testing. To investigate the compression
scale effect, cubic parts were adopted (Figure 1a). The parts had a side between 10 and 110 mm, with a step
of 20 mm. To simplify the discussion, the cube with a side of 10 mm was denoted by C10, and so on until
C110. The SolidWorks® software was used to model the parts.
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Fig. 1 — Developing cycle for samples from CAD to testing
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The manufacturing process was carried out on an Original Prusa i3 MK3 printer (Figure 1b), the parts
being processed in its software (Ultimaker Cura 5.0.0). The manufactured parts presented a high dimensional
accuracy (Figure 1c), an aspect that will be seen in the discussions presented in Section 3. The main parameters
are presented in Table 1. The optimal parameters of the specimens such as ID, IP, LT, PS and PO were obtained
by the authors in previous researches [6, 10, 12]. In this study, the ideal values, the optimized ones, were used.
For the reproducibility of the results, four samples were tested for each size of the cube.

Table 1 Parameters used in the FFF process of parts:

Parameter Unit Value
Infill density % 30
Infill pattern - Star
Print speed mm/s 20
Bed temperature °C 42
Extruder temperature °C 220
Layer thickness mm 0.2
Number of shells - 3
Top/bottom solid layers - 4
Nozzle diameter mm 0.6

A universal testing machine EDZ 40 no. 990.02/8-78 was used to perform the tests at a speed of 10
mm/min. The machine uses the software of the basic TestXpert 1l programme to process the results of the
compression test. The test machine contains a P340/7.5 ByS hydraulic system. To calibrate hydraulic testing
machines, the software TestXpert Il standard package is used. The mechanical tests were performed at 22 °C.

During the compression tests, the parts were progressively deformed until densification. The observed
failure mechanism was highlighted by a shear band approximately at 45° (see Figure 1d).

3. RESULTS AND DISCUSSIONS

All parts were subjected to dimensional investigations, and non-conforming parts were replaced.
Dimensional measurements were performed at three distinct locations on each sample (both extremities and
the central region) using a caliper, and the mean value of these measurements was subsequently considered for
analysis. Figure 2 shows the dimensional relative errors of the FFF-printed parts. It can be easily seen that the
errors are very small, an aspect due to the high quality of the parts. The largest errors are found for parts C10
(0.2-0.4%), and the smallest for C30 (0-0.03%). Dimensional relative errors were calculated with Eq. (1).

X , . |dm - nl
Dimensional relative error [%] = —a x 100 ®
n
where dm and d, are the measured and nominal dimensions of the parts, respectively.
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Fig. 2 — Height and width dimensional relative errors of the FFF-printed PLA parts
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It was obtained that the time to print the parts increases polynomially with the increase in the size of the
cube (Figure 3a), according to Eq. (2).

Print time [min] = 0.1810x% — 6.9046x + 77.5510, with R?> = 0.9981 2)

Regardless of the size of the 3D-printed PLA parts, their masses (measured and theoretical) differ (Figure
3b). For all dimensions of the cube, the measured mass is less than the theoretical mass. A percentage
difference of 6.5% was found between the two masses. Both masses increase polynomially with the increase
of the side of the cube.
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Fig. 3 — Time and mass variation of the FFF-printed PLA parts

Figure 4 presents the most representative stress-strain and energy absorption-strain curves of the FFF-
printed parts. The absorbed energy was quantitatively evaluated by calculating the integral of the stress-strain
response, corresponding to the area beneath the experimental curve [26]. Both sets of curves are presented up
to a strain of 30%. It was noted that the compression behavior is significantly influenced by the scale effect.
Moreover, the characteristics of the C10 part are clearly superior to the others. The largest cubes (C50-C110),
show a more pronounced grouping of behaviors both in terms of stress and energy absorption. It was observed
that the linear elastic zone does not show major differences in slope, but more in length (Figure 4a). Even so,
for C50-C110 cubes this is almost similar. The major difference is recorded in the stress amplitude. Regardless
of the size of the cube, the linear-elastic zone (<5% strain) does not absorb much energy, this being found in
the area of plastic deformations (>7% strain), Figure 4b.
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Fig. 4 — Stress-strain (a) and energy absorption-strain (b) curves of the FFF-printed PLA parts

The variation of the main compression characteristics (compressive modulus, compressive strength,
minimum stress, strain at strength, energy absorption and stress amplitude) of the FFF-printed parts is
presented in Figure 5.

Due to the similarities of the linear-elastic areas of the characteristic curves (see Figure 4), it was found
that the compressive modulus does not present major differences (Figure 5a). The highest value, of 894.57
MPa, is given by part C10. However, a slight tendency of its decrease with the increase of the cube is observed.
The lowest modulus value is given by the C50 cube (663.15 MPa).
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The compressive strength decreases significantly from the smallest cube to the largest (Figure 5b). The
values drop sharply from C10 to C30, followed by a smooth and linear decrease from C30 to C110. The
dimensionally extreme cubes have the values of 52.10 MPa and 23.58 MPa for C10 and C110, respectively. It
was found that the C50-C90 cubes have very close strength values, these being in the range of 26.2-28.4 MPa.
The major difference, of 57.6%, was noted between C10 and C30 cubes, and the smallest between C50-C70
(3.6%).

A noticeable decrease (27.2%) between the dimensionally extreme cubes was also obtained in the case
of strain at strength (Figure 5c). In this case, the maximum (7.53%) and minimum (5.45%) strain values were
recorded by C10 and C90 cubes.
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Fig. 5 — Main properties of the FFF-printed PLA parts

Minimum stress and energy absorption show similar patterns and will be discussed together (Figures 5d
and 5e). Regardless of the property, the maximum values are obtained by the C10 cube (38.59 MPa for
minimum stress and 12.02 MJ/m3 for energy absorption), and the minimum by the C110 (9.90 MPa for
minimum stress and 4.60 MJ/m3 for energy absorption). The major drop in the decrease of the two properties
is found between C10 and C30 (113.1% for minimum stress and 97.6% for energy absorption), after which the
decrease is smoother and linear.
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The highest stress amplitude value is identified for cube C30 (14.94 MPa), and the lowest for C70 (12.25
MPa). Stress amplitude was determined as the difference between compressive strength and minimum stress
for each individual cube. Thus, between the extreme values, a percentage difference of only 10.3% is obtained.

4. CONCLUSIONS

The work presents the scale effect on the compression behavior of FFF-printed PLA parts. Following the

investigations, it can be concluded:

= The 3D-printed parts presented a very high dimensional accuracy with errors below 0.4% for all three
dimensions.

= The mass of the parts increases polynomially with the cube side, the measured mass being approximately
6.5% lower than the theoretical one.

= The compression characteristics are significantly influenced by the scale effect of the printed parts.

= The highest properties are obtained for the cubic part with a side of 10 mm (C10), and the lowest for the
one with a side of 110 mm (C110).

= Compressive strength and strain at strength decrease polynomially with the increase of the cube side from
C10 to C110, obtaining percentage differences between extremes of 120.9% for strength and 27.2% for
strain.

=  The compressive modulus shows fluctuations with the variation of the side of the cube, however, a decrease
was noted with the increase of the part size. The extreme modulus values were found for C10 (894.57 MPa)
and C50 (663.15 MPa).

=  Minimum stress and energy absorption follow the same pattern, showing a percentage decreases of 289.9%
for stress and 161.3% energy.

= The cubic parts were plastically deformed, highlighting a shear band as the main failure mechanism.

The scale effect should not be neglected because it is important for the extrapolation of data obtained in
the laboratory on standardized parts to large engineering structures. Therefore, it is very important to find
correlations in the increase/decrease of properties with the scale effect.
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