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Abstract. In this paper, the consolidation of an experimental approach for the
evaluation of the mechanical properties of FDM (Fused Deposition Modelling)
3D printed objects is proposed. ASTM standards addressed to polymers were
adapted to FDM 3D printed specimens in order to derive a complete mechanical
characterization of PLA (PolyLactic Acid). The tensile test aimed to the deter-
mination of the in-plane mechanical properties of pseudo-isotropic specimens.
The compression test allowed the evaluation of the out-of-plane mechanical
properties of 3D printed parts. The three-point bending test on sandwich speci-
mens helped to assess the not studied potential of FDM in the production of
complex and integrated structural elements. The quantitative results show that
this common, non-structural, environmentally friendly polymer can be success-
fully employed to produce customized and integrated structural elements for
non-critical operating environment.

Keywords: Fused Deposition Modelling (FDM) - 3D printing process - Addi-
tive Manufacturing - Mechanical Properties - Tensile Test - Compression Test -
Bending Test - PolyLactic Acid (PLA) - Sandwich Structures - Honeycomb
Core

1 Introduction

The Fused Deposition Modelling (FDM) technology belongs to the family of Additive
Manufacturing processes for polymeric materials. It is widely used for rapid prototyp-
ing. Recent years saw a growing interest in this technology, accompanied by the at-
tempt to use it also for functional and structural parts. One of the limits of this tech-
nology is that it has a strong influence on the mechanical properties of the finished
pieces. The knowledge of the mechanical properties of the bulk material is not suffi-
cient and the actual properties of the printed parts need to be experimentally deter-
mined as a function of the printing parameters. In previous works, the present authors
proposed a tensile [1] and compression [2] characterization of ABS. Furthermore, a
preliminary analysis of homogeneous and inhomogeneous 3D printed sandwiches was
carried out in [3]. This paper aims at a complete characterization of PLA under specif-
ic printing conditions. The tensile properties are determined under in-plane load con-
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ditions; the compression properties are determined under out-of-plane load conditions.
The experimental approach for sandwich specimens proposed in [3] is here consoli-
dated by means of new results.

2 Specimens Production and Printing Parameters

All the specimens were produced using home-desktop 3D printers. The tensile and
flexural specimens were printed by means of a Creatbot DX 3D printer. The speci-
mens for compression tests were produced using a Sharebot NG 3D printer. The print-
ing volume of the first 3D printer is 300x250x300mm; the printing volume of the
second one is 230x200x200mm. Both the machines are equipped with two extruders.
Even if the geometries of the specimens are simple, the present authors noted in pre-
vious works [1]-[3] that the process variability in home-desktop 3D printers is pro-
nounced for both the geometrical and mechanical features. The influence of various
printing parameters on the mechanical properties of the finished parts is a well-known
issue in the literature [4]-[7]. At the same time, the mechanical properties can be af-
fected by non-conformities in the geometry and in the manufacturing process. The
values to be associated with the selectable parameters were carefully chosen. A series
of calibration tests was done to assess the match between the expected and the real
values.

Layer height, Hy: the vertical dimension of the deposited raster can be freely chosen
in a certain range; the lower bound is represented by the Z-resolution of the 3D print-
er, while the upper bound generally coincides with the transverse dimension of the
nozzle. Several authors noted that when the layer height is smaller, with respect to the
nozzle size, the inter-layer adhesion improves. Consequently, the lowest value was
imposed.

Raster width, Wx: as first approximation, the transverse dimension of the deposited
raster is only a function of the nozzle diameter and of the layer height. Once the layer
height is chosen, the slicing software estimates the raster width under optimum condi-
tions. The actual value under real operating conditions was carefully checked with a
thin wall test. The difference between the two values was offset by changing the ex-
trusion multiplier.

Raster angle, R4: the deposition orientation with respect to the load application direc-
tion strongly affects the mechanical performances of 3D printed pieces. Several stack-
ing sequences should be tested in order to build a model that could approximate the
phenomenon. In order to evaluate the in-plane mechanical properties, a quasi-
isotropic lamination scheme was preliminary chosen in the present work.

Perimeters: the number of peripheral beads was chosen in order to have a negligible
impact on the mechanical properties. The peripheral beads follow the contour of the
piece. Therefore, they are not homogeneous with the internal infill. The number of
perimeters was incremented for the flexural specimens because other geometry-
related factors must be considered.

Temperatures, Texr and Tpep: both the extrusion (Tzxr) and the bed (7pep) tempera-
tures were set accordingly with the values provided by the manufacturer of the raw
material.

Table 1 lists the values associated with each of the presented printing parameter.



Table 1. Printing parameter values for tensile, compression and flexural specimens.

]sgcl)né Ho Wr Perimeters Ra TgED Text
Tensile 0.1 mm 0.5 mm 1 [+45°/-45°] 200°C 50°C
Compressive 0.1 mm 0.5 mm 1 [+45°/-45°] 200°C 50°C
Flexural 0.lmm 0.5mm 3 [+45°/-45°] 200°C 50°C

3 Tensile test set-up

The aim of this section is the determination of the in-plane tensile properties of PLA
components produced using a home-desktop 3D printer under fixed environmental
parameters. The guidelines of the Standard Test Method for Tensile Properties of
Plastics (ASTM D638 [8]) were strictly followed in the test set-up and in the data
post-processing. The standard proposes a set of five different specimens. All the spec-
imens present a similar dog-bone geometry; the dimensions change as a function of
the thickness. The standard points out that the thickness of the available material
should be used to determine the appropriate specimen geometry. This requirement is
not relevant for FDM 3D printed parts because the desired thickness can be easily
selected. Consequently, TYPE I specimen was chosen for the experimental proposed
campaign. The drawing of the specimen is given in Figure 1.
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Fig. 1. Sketch of Type I ASTM D638 specimen for tensile test.

The overall length was increased with respect to the recommended minimum value in
order to guarantee a length of at least 40 mm for each side of the grip. The grips of the
testing machine are 50 mm long; a gripping area shorter than 40 mm could not allow a
proper test. A comparison between the recommended and the actual dimensions of the
specimens is proposed in Table 2.

Table 2. Tensile test: comparison between the recommended and the actual specimens dimen-
sions.

Dimensions Recommended Actufil . .
ASTM D638 TYPE 1 (nominal dimensions)

W — width of narrow section 13 mm 13 mm

L — length of narrow section 57 mm 57 mm

WO - overall width, min 19 mm 19 mm



LO — overall length, min 165 mm 180 mm
R — radius of fillet 76 mm 76 mm
T - thickness - 5 mm

The number of tested specimens was increased from the requested minimum value of
5 to 10 in order to obtain more statistically stable results.

As anticipated in Section 2, all the specimens present the same [+45°/-45°] stacking
sequence. The use of one single peripheral bead is necessary to have a better surface
finish, in order to avoid premature failures due to stress concentrations between adja-
cent beads at the specimen edges. For the entire length of the narrow section, the pe-
rimeters are oriented along the specimen longitudinal axis, this axis coincides with the
load application direction during the tensile test. Two beads (one for each side) are 1
mm wide. Therefore, it can be assumed that they play a negligible influence over the
overall width of the narrow section.

3.1  Test set-up

The thickness and the width of the narrow section of each specimen were measured as
requested by the ASTM standard. The actual dimensions are compared with the nom-
inal ones in Table 3.

Table 3. Actual tensile specimens dimensions. All the values are in mm.

n° 1 2 3 4 5 6 7 8 9 10 NOM

W 13.03 13.11 13.07 13.09 13.13 13.12 13.13 13.09 13.09 13.12 13.00
T 503 495 498 496 480 488 480 481 479 489 5.00

The width (W) of the sample was slightly higher than the nominal value; a mean val-
ue of 13.10 mm was found with a standard deviation of 0.0312 mm. At the same time,
the specimens were slightly thinner than planned; the thickness (T) mean value was
4.89 mm with a higher standard deviation of 0.0875 mm.

Each specimen was placed vertically in the grips of the testing machine. It was
checked that the specimen principal axis was aligned with the load application direc-
tion. The machine was controlled in speed; the lowest speed of testing for TYPE 1
specimens was chosen for the lower jaw (4 mm/min). This testing speed caused the
specimen fail approximately 1 minute after the beginning of the test.

4 Compression test set-up

The Standard Test Method for Compressive Properties of Rigid Plastics (ASTM D695
[9]) was carefully followed in all its guidelines. A prism or a right cylinder is the pre-
scribed shape to be used to study the compression properties of rigid plastics. While
the dimensions of the cross section are prescribed, the length can be chosen as a func-
tion of the desired properties. When the compression strength is investigated, the
length should be twice the specimen principal width or diameter. In the case of the



compression elastic modulus, the standard proposes longer specimens with slender-
ness ratio between 11:1 and 16:1%.

In the framework of the present paper, a prism specimen was chosen in order to have
a comparable study with previous authors’ work for [2]. The slenderness ratio was
limited to the lowest value to reduce or delay the occurrence of the buckling phenom-
enon. Figure 2 presents the drawing of the specimen, and the relevant quotes.
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Fig. 2. Sketch of ASTM D695 specimen for modulus measurements for compression test.

The specimens were printed with the square cross section resting upon the printing
bed. This feature allows the determination of the out-of-plane compressive properties
of PLA. The used lamination scheme is the same of the previous specimens. Layers
with raster angle of +45° and -45° were combined. A single perimeter was used to
improve the surface finish and to avoid its negative effects.

4.1  Test set-up

The cross section and the height of each specimen were measured before the test.
Table 4 shows the smallest section values of each specimen and the global length.

Table 4. Actual compression specimens dimensions. All the values are in mm.

n° 1 2 3 4 5 6 7 8 9 10 NOM

Wx 12.84 1285 12.84 12.68 12.79 1.76 12.83 12.88 12.85 12.67 12.70
Wy 12,65 128 12.66 12.61 12.66 12.63 12.72 12.69 12.84 12.64 12.70
H 3998 39.86 39.84 39.79 3991 39.83 39.87 39.81 39.77 39.80 40.00

The nominal dimension of the square cross-section was 12.70 mm. Along the X-
printer direction (Wx), the sample showed a mean value of 12.80 mm. The dimensions
collected along the Y-printer direction (Wy) give a mean value of 12.69 mm. The
standard deviation was almost the same for the two in-plane dimensions: 0.0734 mm
was registered along the first mentioned direction and 0.0756 mm along the second
one. All the specimens were shorter than the expected value; a mean height of 39.85
mm was registered with a standard deviation of 0.0628 mm.

! The slenderness ratio of a solid with constant cross-section can be calculated dividing its
length by its minimum radius of gyration.



The specimens were placed individually between the two plane supports of the testing
machine. The standard speed for this type of test (1.3 mm/min proposed by the ASTM
standard) was used. All the specimens reached the peak stress between the second and
the third minute of testing.

5 The flexural test

A three-point bending test was executed strictly following the Standard Test Meth-
ods for Flexural Properties of Unreinforced and Reinforced Plastics (ASTM D790
[10]). This method allows to determine both the flexural modulus and the flexural
strength; these properties can be determined only for those specimens that fail or
break in the outer surface within the 5% strain limit. For thickness values equal of
greater than 1.6 mm, the specimen takes the form of a beam with constant rectangular
cross-section. Specimen dimensions must be determined as a function of the span
between the two testing supports used for the test. Support span and specimen depth
shall have a ratio of 16:1. For specimens with thickness greater than 3.2 mm, the
width should be less than % of the support span. The overall length of the specimen
should consider an enough overhang with respect to the supports on both sides. Table
5 gives the recommended and actual specimen dimensions.

Table 5. Flexural test: comparison between the recommended and the actual specimens dimen-
sions.

Dimensions Recommended Actugl ' '
ASTM D790 (nominal dimensions)

L — support span - 90 mm

LO — overall length - 105 mm

W — width <L/4 22.52 mm

D — depth L/16 5 mm

In a previous research [3], the present authors assessed the feasibility of sandwich
structures produced with a home desktop 3D printer. Several sandwich configurations
were tested. A homogeneous sandwich, embedding PLA for the skins and for the
honeycomb core, printed with the same extruder; a heterogeneous sandwich, embed-
ding PLA for the honeycomb core and ABS for the skins; a heterogeneous sandwich,
embedding PLA for the homogeneous core and ABS for the skins; a homogeneous
sandwich, embedding PLA for both the skins and the honeycomb core, where each
one was printed with a different extruder. It was supposed that the use of two different
extruders, one for the skins and one for the core, could give lower mechanical perfor-
mances due to a bad adhesion between the layers.

In order to complete a homogeneous mechanical characterization of 3D printed PLA,
the homogeneous configuration, with PLA skins and PLA honeycomb core, was here
chosen. The honeycomb core is 3 mm thick; the upper and lower skins symmetrically
occupy the remaining thickness. A hexagon with an apothem of 2.5 mm represents the
repeating geometrical element of the core. The walls of each cell are 0.5mm tick.
Figure 3 shows the 2D drawing of the produced specimens. 10 specimens in place of



the minimum requested number of 5, were printed and tested to obtain a bigger sam-
ple.
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Fig. 3. Sketch of the flexural specimen with sandwich configuration.

As anticipated in Section 2, this specimen configuration has certain peculiarities that
must be considered for production. The skins kept the [+45°/-45°] lamination se-
quence. However, this lamination scheme was not possible for the core because of the
reduced dimension of the walls of the hexagonal cells. The upper skin needed an extra
attention because it does not lie on a planar and homogeneous surface, but it must be
built on mid-air. In order to achieve best printing results, the printer fan was kept on
when the first layer was being printed. This feature allows the extruded plastic to
harden quickly. Furthermore, the number of perimeters was increased to 3 in order to
produce right angles.

5.1  Test set-up

The geometrical dimensions of each specimen were measured with a digital caliper.
Both the depth and the width are necessary to calculate the desired mechanical prop-
erties. Furthermore, they can be useful to assess the reliability of the manufacturing
process for repeating elements. Table 6 collects the measured dimensions.

Table 6. Actual flexural specimen dimensions. All the values are in mm.

n° 1 2 3 4 5 6 7 8 9 10 NOM

LO 105.01 104.88 104.89 104.85 104.82 104.97 10494 104.81 104.85 104.89 105
W 2302 23.07 23.07 2303 2306 23.02 2301 2306 2301 2304 2252
D 485 4.81 484 482 483 481 488 480 485 481 5

For the overall length (LO), the nominal value of 105mm and a mean value of 104.89
mm was found with a standard deviation of 0.0649 mm. The nominal width (W) was
supposed to be equal to 22.52 mm, a mean value of 23.04 mm with a standard devia-
tion of 0.0242 mm was found. For the depth (D), a nominal value of 5 mm was re-
quired, but a mean value of 4.84 mm, with a standard deviation of 0.0295 mm, was
obtained.



Each specimen was positioned horizontally, with the lower surface resting on two
supports symmetrically positioned with respect to the specimen centerline. A vertical
nose acting on the upper surface by loading each specimen right over its centerline. A
deflectometer was used to measure the deflection of the specimen under its centerline.
By following Procedure A of ASTM D790 standard, the rate of the cross-head motion
was calculated imposing a rate of straining of the outer fibers equal to 0.01
mm/mm/min:

R=2ZLY6d . 1)

In Eq. (1), d is the actual depth of the specimen, L is the distance between the two
supports of the testing machine and Z is the rate of straining of the outer fibers. In
order to be applicable, Procedure A requires that the specimen break or yield at a
strain lower than 5.0%. This requirement can be translated in terms of deflection of
the specimen using:

D=rL%6d . )

L and d have the same meaning of Eq. (1); r represents the strain of the outer fibers,
which was set equal to 5.0%. For a specimen with the nominal geometrical dimen-
sions, Procedure A requires that the failure occurs for a deflection less than 13.5 mm.
As it will be shown in the result section, all the specimens were compliant to this
requirement.

6 Results

The present section is devoted to the discussion of the numerical results obtained with
the post-processing of the raw data. The Data Acquisition System of the test machine
sampled the applied load and the displacement of the lower jaw every tenth of second.
For the tensile and the compression test, the load was converted to a uniaxial stress
simply dividing it by the cross section dimension of the respective specimen (accord-
ing to the geometric dimensions reported in Tables 3 and 4). As no strain gauge was
used to measure the strains, they were estimated dividing the displacement by the
initial length. For tensile specimens, the initial length was assumed to be the length of
the narrowed section. For compression specimens, the initial length was considered
equal to the lengths reported in Table 4. In the case of the flexural test, the machine
reported the applied load and the deflection of the central nose. The load configura-
tion, the boundary conditions and the geometry are obtained considering that the max-
imum stress and the maximum strain occur in correspondence to the midpoint of the
outer surface. The stress was calculated using:

o= 3PL/2wd> . 3)

P is the load applied by the testing machine; w is the width of the specimen and d its
depth. L is the support span of the testing machine. The strain was obtained via the
following relation:

gr=6Dd/L? . )



D is the measured deflection; the other quantities have the same meaning seen in Eq.
3).

For the three tests, the modulus of elasticity was calculated with a linear regression by
gradually increasing range of values. At each iteration, the new coefficient was aver-
aged with the previous ones. The procedure was stopped when the new coefficient
differs more than 5% from the last calculated mean value. The stress corresponding to
this point was identified as the proportional limit stress.

For each of the three tests, an example of the stress-strain curve is proposed. The rec-
orded modulus of elasticity, the strength and the proportional limit (where available)
are proposed for each specimen in each test.

6.1 Tensile test

Table 7 summarizes the results collected for the entire sample. The stress-strain curve
for tensile specimen n° 3 is shown in Figure 4.

Table 7. Experimental data for tensile specimens.

n° 1 2 3 4 5 6 7 8 9 10

E 2918 2764 2857 2722 2731 2733 2749 2834 2766 2704 [N/mm’]
Omix 553 578 557 545 546 534 560 552 538 535 [N/mm’]
Opro 273 302 29.8 27.8 29.7 303 29.5 30.1 29.5 28.7 [N/mnY]
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Fig. 4. Post-processed strass-strain curve for the tensile test of specimen 3.

All the ten specimens presented the classical linear-elastic region. At about half the
value of the maximum stress, the curve starts to deviate from the linearity, with the
tangent modulus decreasing when the stress increases. The maximum stress represents
an inflection point. After it, the rest of the curve is concave upward. A small discrete
plastic region is present. The tensile modulus Eiin registered a mean value of 2778



N/mm? with a standard deviation of 69.1 N/mm?. A mean value of 55.0 N/mm? was
recorded for the maximum strength Omax, with a standard deviation of 1.3 N/mm?. For
the tensile limit of elasticity opr, a mean value of 29.3 N/ mm?, with a standard devia-
tion of 1.0 N/mm?, was found.

6.2  Compression test

The mechanical characteristics of the sample are presented in Table 8. Figure 5 gives
the actual recorded stress-strain curve for specimen n°2. This figure is representative
of the sample behavior.

Table 8. Experimental data for compressive specimens.

n° 1 2 3 4 5 6 7 8 9 10

E 2385 2056 2081 2166 2353 2269 2089 2132 2129 2173 [N/mm’]
Omix 839 760 834 842 882 880 863 835 860 850 [N/mm’]
Opro 832 733 815 83.6 855 86.7 83.1 81.0 814 825 [N/mn]

Stress-Strain curve - Specimen n°2
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Fig. 5. Post-processed strass-strain curve for the compression test of specimen 2.

The analysis of the raw data shows a mean value for the compressive modulus of
elasticity Ein equal to 2183 N/mm?, with a standard deviation of 114.6 N/mm?. The
compression maximum stress Omax has a mean value of 84.5 N/mm?, with a standard
deviation of 3.4 N/mm?. The mean value of the compression limit of elasticity Opro is
very close to the compresson strength: it is 82.2 N/mm? with a standard deviation of
3.6 N/mm?,

Specimens showed no macroscopically visible deformation until the maximum com-
pression stress was reached. After it, a bulge appears and the deformation becomes
visible. The fluctuations showed in Figure 5 were associated to subsequent readjust-
ments of the specimen in its place.



6.3 Flexural test

Table 9 shows the mechanical characteristics for each specimen. The processed stress-
strain curve for specimen n° 5 is given in Figure 6.

Table 9. Experimental data for flexural specimens.

n° 1 2 3 4 5 6 7 8 9 10

E 2491 2325 2383 2395 2307 2366 2486 2358 2441 2617 [N/mm’]
Oomx 614 620 614 638 61.7 619 579 627 635 64.6 [N/mnY]

Stress-Strain curve - Specimen n°8
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Fig. 6. Post-processed strass-strain curve for the flexural test of specimen 8.

In all the specimens of the sample, the stress-strain curve for the flexural analysis
showed a clear linear-elastic region. After the end of the linear region, all the speci-
mens broke. The flexural modulus of elasticity Ein has a mean value of 2417 N/mm?
with a standard deviation of 93.7 N/mm?. The sample mean value of the flexural
strength omax was 62.1 N/mm?, with a standard deviation of 1.8 N/mm?.

7 Conclusions and Further Developments

In the proposed work, the consolidation of an experimental approach for the determi-
nation of the mechanical properties of 3D printed object was carried out. The in-plane
tensile properties of quasi-isotropic FDM 3D printed PLA were determined. Under
the specific printing conditions, the in-plane tensile mechanical properties of 3D
printed PLA are not so different from their respective values of molded PLA [11]. A
mean value of 2778 N/mm? was found for the tensile elastic modulus; the tensile
strength reached a mean value of 55 N/mm?. The out-of-plane compression elastic
modulus was determined, it was 2183 N/mm?, that means slightly lower than the in-
plane tensile one. A mean value of 84.5 N/mm? was found for the compression maxi-



mum stress. Further studies should be carried out in order to asses if this value is cor-
rect (without buckling phenomenon). A study on compression stocky specimens will
be proposed in a companion paper to clarify this issue. At the same time, the study of
3D printed PLA compression properties will be extended to in-plane load conditions
and, mutually, the study on tensile properties will be extended to out-of-plane load
conditions. The flexural properties of sandwich PLA specimens with honeycomb core
were studied. The mean values of the flexural modulus of elasticity and of the flexural
strength are 2417 N/mm? and 62.1 N/mm?, respectively. The flexural stress-strain
behavior of the sample was the same recorded in a previous and preliminary study of
the same authors [3], even though the mechanical properties of the present sample
reached higher values. As explained in Section 5, the manufacture of the upper skin in
sandwich 3D-printed specimens is critical as it does not lie on a planar and homoge-
neous surface. An improved selection of the printing parameters leads to a lower de-
fect concentration in the sample in order to avoid a premature failure.
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