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Abstract

Evaluating local mechanical properties of parts made by additive manufacturing processes can improve the deposition condi-
tions. This study proposes a non-destructive characterization test to determine the mechanical behavior of fused deposition
modeling (FDM) components. Indentation and compression tests were conducted on samples produced by the FDM process,
which were created by varying the material flow during the deposition. An empirical relationship was determined between
yield strength determined through compression and indentation tests. R =0.92 characterized the correlation between the
compression and indentation test. The results indicated that both the yield strength measured through compression tests and
that measured by the indentation tests increased linearly with the density of the components. Indentation tests provided more
insights concerning the tested surface’s local characteristics than the compression test.

Keywords Additive manufacturing - Fused deposition modeling - Material extrusion - Characterization - Mechanical

testing - Quality assessment

1 Introduction

In recent years, significant efforts have been spent to enhance
the mechanical behavior of parts made by additive manufac-
turing (AM) processes. This is due to the new rule exerted
by these components and the potential to use these products
as finished parts in several fields. After the early application
for rapid prototyping purposes, AM components are increas-
ingly employed for rapid tooling and final products. These
new applications exploit the potential of AM as compared
to conventional processes, including excellent design flex-
ibility, high degree of customization, low or even null fixed
costs (depending on the process), no need for specific equip-
ment, excellent availability of machines, distributed produc-
tion, and lightweight devices [1-3]. On the other hand, the
widespread adoption of components produced through AM
processes still needs to be improved by issues concerning
process standardization, repeatability of the deposition con-
ditions, porosities, and adhesion between the layers. This
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often reduced the mechanical behavior of the components,
as well as geometrical issues, e g., shrinkage and warpage
(especially for processes involving thermal cycles).
Among different AM processes available for producing
plastic components, fused deposition modeling (FDM) is
increasingly adopted to produce structural components.
This is due to the high mechanical performance achievable,
since the possibility to manufacture engineering plastics
such as PC and PA; techno-polymers such as PEEK [4-9],
PEI [10-16], and PAEK [17, 18]; and reinforced plastics
[19-25] with discontinuous and continuous fibers. In addi-
tion, FDM is easily scalable, and components of excellent
dimensions can also be produced through this technology.
Finally, FDM can be intrinsically involved in the circular
economy loop [26—32] since the raw material can be easily
recycled and reused after the end-of-life of the component or
“print failures.” Compared to other AM processes of poly-
mers (e.g., powder bed fusion, stereolithography, material,
jetting), FDM components are affected by specific issues
such as poor surface finish and larger porosities. This is due
to the larger dimension of the standard nozzles (generally
having a diameter between 0.3 and 0.6 mm) used in FDM
compared to the dimensions of the laser beams used in
SLA and powder bed fusion (typically lower than 0.1 mm).
Such porosities severely affect the statical and dynamic
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mechanical behavior of the components. In addition, dur-
ing the deposition process, the pressure exerted by the mate-
rial on the underlying layer is relatively low (especially if
compared to that involved in the injection molding process).
This is still more limiting for the adhesion between the layers
than other AM processes leading to even more anisotropic
behavior [33] of the components. This also involves different
fracture mechanisms when the components are loaded along
or perpendicular to the growing direction [34].

The presence and dimension of the porosities are not
easily predictable in the FDM process since the deposition
conditions depend on the selected process parameters as
well as the geometry of the component. Figure 1 depicts
two parts with different geometries printed under the same
process parameters. As can be inferred, the part described
in Fig. 1a shows numerous voids, while that reported in
Fig. 1b is less affected by the presence of these defects. This
indicates the great rule exerted by the component’s geometry
and the deposition strategy on the voids. Thus, the defects’
amount and dimension do not depend on the sole deposition
condition. Still, it also greatly depends on the complexity of
the component (such as concave-convex features) and the
relative dimension of these geometrical features compared
to the nozzle diameter.

This also hinders the possibility of determining the
mechanical characteristics of a component by testing a
“standard” sample that should be representative of the
actual component [35]. Besides, since the high plasticity
of materials involved in FDM, machining a sample from
the actual component is also challenging. The compo-
nents are duplicated to be produced with material waste. In
addition, this approach would be highly time-consuming,
requires additional machining equipment (e.g., turning or
milling machine), and is less practical. Non-destructive test-
ing (NDT) of the actual component is highly demanded to
provide reliable information concerning the component’s
behavior [36, 37]. Different methods have been adopted to
characterize the mechanical behavior of the parts made by

Fig.1 Influence of the component geometry on the presence of
defects — macrographs of two components made with the same
deposition strategy and different shapes: a concave profile; b convex
profile
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FDM and the relationship with the porosity, including X-ray
computed tomography analysis [38] and cross-sectional
analysis [35]. Alternatively, non-destructive characteriza-
tion tests (such as hardness tests) are performed through a
technological test that does not directly measure a mechani-
cal characteristic. On the other hand, the measurements
from these tests can be correlated to mechanical behavior
[39—45]. Compared to conventional tests (e.g., tensile tests,
compression tests), non-destructive testing would provide
the additional advantage of determining the local property of
the actual component [46, 47]. This is particularly important
for testing materials with highly inhomogeneous properties,
such as those produced through the FDM process. Among
them, indentation tests have shown a great capability to pre-
dict the mechanical behavior of metals and plastics [48] and
even the amount of porosity [35]. Even though instrumented
indentation tests were successfully involved to determine
the yield strength of full density materials, the applicability
of this approach to porous media has been not proved yet.
The present investigation aims to evaluate the suitabil-
ity of instrumented indentation tests to determine the local
compressive behavior of components made by the FDM
process. To this end, a campaign of experimental tests was
conducted by varying the density of the samples and deter-
mining the mechanical behavior of the components through
standard compressive tests and instrumented flat indentation.
Morphological analysis of the samples was also conducted
through optical microscopy to investigate the influence of
the surface morphology on the determined mechanical prop-
erties. Finally, an empirical model was established to predict
compressive behavior through indentation tests.

2 Materials and methods

The study was conducted on cylindrically shaped specimens
made of PLA produced by Fabbrix. Cylindrical specimens
were produced for compression and flat indentation tests.
The samples were 20 mm in diameter and 40 mm in height
according to ASTM 695 standards. These dimensions were
selected to have the edge of the indenter to the sample border
at least two times the diameter of the indenter (to limit the
sample size effect), as shown in Fig. 2.

Samples were produced using two commercial machines
Creality Ender 6, setting the extruder temperature at
210 °C and bed temperature at 60 °C. The speed was set to
4000 mm/min, while the layer width was set to 0.2 mm, half
the nozzle’s diameter (0.4 mm). The specimens were made
with 100% rectilinear fill, generating three perimetral shells
with a fixed width of 0.5 mm. Figure 3 depicts the deposition
strategy adopted for the sample printing.

Commercial software Simplify 3D was used to set the
printing parameters and generate the GCODE used as input
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for the FDM machines. A campaign of experimental tests
was performed by varying the extrusion multiplier. This
parameter allows for controlling the material flow depos-
ited during printing. Specimens with extrusion multipliers
between 99 and 104% were analyzed. Four specimens were
printed for each extrusion multiplier value. After printing,
all specimens were weighed using a precision balance model
XT1220M by Precisa, and the dimensions of the specimens
were measured through a micrometer. This enabled calculat-
ing the sample’s density and the influence of the extrusion
multiplier on the density.

Compression tests were performed according to ASTM
D695 standards with a traverse speed of 1 mm/s using
MTS’s Universal Testing Machine model C43.50. Instru-
mented flat indentation tests were performed at a constant
travel speed of 0.1 mm/min, using a flat-end cylindrical
indenter with 4.0 mm diameter made of K720 high-strength
steel by Bohler. The diameter of the indenter was selected
based on the previous study [35]. The adoption of smaller
indenters (i.e., 2 mm in diameter) led to lower test reliability
since the results were susceptible to the surface morphology
of the samples. A pre-load of 200 N was used to avoid con-
tact-dependent trends such as the non-coplanarity between
the sample surface and the indenter flat face.

Instrumented indentation tests were performed on the
flat specimen’s surfaces, as shown in Fig. 2. Indentation
tests were performed on the upper and bottom surfaces of
the specimen, imposing a maximum penetration depth of
2.0 mm. Load—displacement curves were recorded during
the tests, as shown in Fig. 4. An algorithm was developed to
perform feature extraction from the curves using MATLAB
2022b environment.

The yield strength from compressive tests was determined
according to the ASTM D695 standards, as schematically
shown in Fig. 4.

Despite compression tests, whereas the stress is monodi-
rectional, an uneven stress distribution is produced on the
sample during the indentation test. Consequently, the stress
of the material underlying the indenter is due to both elastic
and plastic deformation. In the beginning, elastic deforma-
tion is predominant, then as sufficient indentation depth is
reached, plastic deformation localizes around the indenter
edge [49] and then enlarges for further indentation depth.

To determine the material’s properties, the load was
divided by the surface area of the flat indenter, as shown in
Fig. 5. The load shows a smoother transition between the
linear elastic behavior and the onset of yielding. The first
part of the loading load—displacement curve is almost linear
due to the high elastic contribution. As the test proceeds
(increasing the penetration depth), the curve approaches a
plateau corresponding to a significant material flow. Thus,
two approaches were followed to determine the onset of the
yielding condition: the deviation from the linear regime

Indenter

_Fl

Sample
20 mm

Fig.2 Schematic of the tool and the sample during the flat indenta-
tion test

Fig.3 Schematic of the adopted sample deposition strategy showing
three perimeter shells and a 100% rectilinear infill
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Fig. 4 Stress-displacement curve recorded during compression tests
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Fig. 6 Variation of the density as a function of the extrusion multipli-
ers using different printers. (Density of the filament as reported by the
supplier is 1.25 g/cm.?)

(elastic limit) and the bitangent yield strength, as shown in
Fig. 5. These values were determined automatically through
a routine developed in MATLAB 2022b.

3 Results

The influence of the extrusion multiplier on the density of
the samples is shown in Fig. 6. The density shows linear
growth with the extrusion multiplier, with values starting
from 1.19 up to 1.23 g/em?®.

3.1 Mechanical tests

Figure 7 compares the load—displacement curves recorded
during the compression tests for samples achieved with dif-
ferent extrusion multipliers (i.e., 99%, 101%, and 104%).
The higher the extrusion multiplier, the higher the stiffness
and the peak load. This was due to the higher density of the
samples produced with higher extrusion multipliers.

The influence of the extrusion multiplier and density on
the yield strength measured through the compression test
are depicted in Fig. 8 a and b. The yield strength showed
a linear increase versus both the extrusion multiplier and
the density of the specimens. The specimens printed with a
99% extrusion multiplier showed yield strength of 71 MPa;
increasing the value of the extrusion multiplier by 5% led to
an increase of yield strength up to 75 MPa, corresponding
to an increase of yield strength up to 5%.

Figure 9 compares the load—displacement curves
recorded during the indentation tests for samples achieved
with different extrusion multipliers (i.e., 99%, 101%,
and 104%). As for the compression tests, the higher the
extrusion multiplier (and the density of the sample), the
higher the load exerted on the sample during the indenta-
tion. From the observation of the curves, it emerges that
the intersection of the tangents to the curves is reached
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Fig. 7 Force—displacement
curves recorded during the
compression tests of samples
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was 102 N/mm?, while the average yield strength for
EM=104% was 123 N/mm?, corresponding to an increase
of 21%. On the other hand, the normalized stress measured
on the bottom surface of the specimens showed lower sen-
sitivity to the extrusion multiplier during the indentation
test. Indeed, the yield strength values hold almost constant.
The average yield strength, calculated through the bitangent
method, determined on the lower face of the specimens was
equal to 152 MPa, and the standard deviation was 3 MPa.
This indicated that the mechanical properties of the com-
ponent surface in contact with the building plate are almost
unaffected by the adopted extrusion multiplier and are much
higher than those measured on the upper surface. Similar
trends (with lower values) were found by adopting the elastic
limit method. Indeed, the elastic limit increased significantly
on the upper surface with the EM, while it showed lower
sensitivity in the indentation tests performed on the bottom
surface.

Fig. 11 Macrograph of sur-
faces of samples made with
EM=99%: a upper; b bottom
and EM =104%: ¢ upper and d
bottom

@ Springer

3.2 Morphological analysis of the sample’s surfaces

Figure 11 depicts the upper and bottom surfaces of sam-
ples produced with EM =99% and EM =104%. The upper
surface of the sample made using EM =99% (depicted in
Fig. 11a) shows some unfilled regions in correspondence of
the external shells and the internal infill. Adopting the same
strategy with a higher extrusion multiplier, EM =104% (as
shown in Fig. 11b) indicates that the surface is more regular
without unfilled regions. Figure 11 ¢ and d depict the bot-
tom surface of the samples with EM =99% and EM =104%,
respectively. These surfaces were very similar, and no
unfilled regions were detected regardless of the adopted
extrusion multiplier.

To further investigate the differences among the surfaces
of the samples produced with different extrusion multipli-
ers and through other EM, morphological analysis was per-
formed through 3D surface reconstruction.
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Fig. 12 3D maps of the upper and lower surfaces on samples produced with EM =99% and EM =104%

Figure 12 depicts the 3D maps of the reconstructed sur-
faces on two samples (EM=99% and EM =104%) on the
upper and bottom surfaces (please note that all the maps
have the same limits).

The upper surface of the sample made with EM =99%
shows the presence of peaks and valleys indicative of
the deposited direction. Indeed, the virtual cross-section
shows a sinusoidal-like profile with an average amplitude
of almost 400 mm. On the other hand, the upper surface of
the sample made with EM =104% shows a more uniform

morphology, as indicated by the virtual cross-section.
These measurements indicate that the adopted extrusion
multiplier strongly influences the morphology of the upper
surface during the deposition and, consequently, the stift-
ness of the deposited layer. Otherwise, comparing the 3D
maps of the bottom surface, it emerges that the adopted
extrusion multiplier less influences the morphology of
these surfaces.

The above results indicate that the upper and bottom
surfaces show different mechanical behavior owing to the
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different deposition conditions. Indeed, the bottom surface is
produced by extruding material against the building plate; on
the other hand, the upper surface is printed over previously
deposited layers (which are much softer and can still be under
a rubber-like state). During FFF process, the building plate
temperature was set at 60 °C. This temperature was above the
glass transition temperature of the PLA (55 °C). This enabled
the polymer’s molecular chains close to the plate to rearrange
during the entire printing process, providing a more “com-
pact” chain distribution. On the other hand, the overlying lay-
ers’ material rapidly cools down after being deposited. These
layers do not have sufficient time to let the polymer chains
rearrange in a more compact form. This leads to uneven
mechanical properties between the material in contact with
the building plate and the overlying materials.

The compression test averages such local differences,
while the indentation test can discern such local behavior
more easily.

3.3 Correlation between the compression
and indentation tests

Figure 13a and b depict the normalized strength and the
elastic limit as a function of sample density, respectively.
The normalized strength grows linearly as a function of
density. Similar trends can also be observed between the
elastic limit and the density of the samples. In both cases,
the coefficient of determination was relatively high. For
both the normalized strength (calculated through the

bitangent method) and the elastic limit, R?20.94. On the
other hand, both the normalized strength and the elastic
limit measured on the bottom sample surface are almost
unaffected by the average density of the sample.

Thus, for each sample, the yield strength measured
through compression tests was compared to the yield
strength measured by indentation tests performed on the
upper surface under the same deposition conditions.

Figure 14 shows the correlation between the yield strength
obtained through the indentation test and that obtained dur-
ing the compression test. The correlation between the two
yield strengths showed a linear trend, with a coefficient R?
of 0.92. Similarly, the elastic limit (measured by the indenta-
tion test) and the yield strength (measured through the com-
pression test) also showed a significant correlation since the
coefficient of determination R* was 0.90.

Thus, the established relationship (linear regression coef-
ficients) can be exploited to convert the yielding condition
measured through indentation tests to predict the compressive
yield strength of the actual component on a specific location.

4 Discussion

Among different AM processes, fused deposition modeling
is gaining great diffusion since different advantages over
other AM processes of plastics, including the more effort-
less scalability, higher material deposition rate, possibility to
produce reinforced plastics even with long fibers, chance to
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Compression

embed electrical circuits or other materials, and the broader
availability of raw materials and lower costs.

The growing adoption of additive manufacturing compo-
nents for structural applications is rapidly pushing attention
to product qualification and the assessment of mechanical
behavior. The mechanical behavior depends on different
aspects, including the raw material, process parameters, the
adopted AM machine, and the geometry of the component.
Thus, adopting reference samples, which are often charac-
terized by simpler geometries, may lead to an unreliable
prediction of the mechanical behavior of the actual part. In
addition, manufacturing reference samples to perform char-
acterization tests or machining sample tests from the actual
component (used as a trial to be eventually reproduced) is
highly time-consuming and leads to excellent material waste
(other than requiring additional machines such as turning or
milling machines). Even though an alternative solution is
represented by the development of numerical models based
on the X-ray computed tomography analysis to produce a
digital twin of the component, this approach is expensive
and highly time-consuming.

On the other hand, the development of non-destructive
testing can potentially overcome these limitations; it can
also provide valuable information concerning the local
properties of a component instead of global characteristics.
The results from this research indicate that indentation
tests can determine a component’s local yield strength,
and this value can be correlated to the compressive yield
strength. Indeed, polymers show great sensitivity to the
hydrostatic stress. Thus, since indentation produces a com-
pression rather than tension, it can be better correlated
to the compressive properties of the component. Thus,
the developed approach is particularly suitable for testing
tools made by FFF process since they often bear compres-
sive stress. In addition, once established the relationship
between the tensile properties and the density of the com-
ponents, the indentation tests can also provide local infor-
mation concerning the tensile strength of the component.

It is important to note that through the indentation test,
it is possible to determine the value of the yield strength

Compression

by fixing the crosshead displacement to a value smaller
than 1 mm. This allows for a negligible imprint on the
specimen, as shown in Fig. 15, which can be acceptable
for the final product.

Furthermore, the coefficient of correlation using the
elastic limit method was slightly lower (R*=0.90) than
that of the bitangent method (R*=0.92). Thus, the imprint
could be even shallower since the maximum penetration
depth could be as low as 0.4 mm; thus, considering the
high elasticity of the polymers and the porosity of FDM
parts, the plastic imprint can be almost imperceptible as
shown in Fig. 15.

5 Conclusions

The present work investigated the suitability of indentation tests
to determine the local mechanical behavior of fused deposition
modeling (FDM) components. A campaign of indentation and
compression tests was conducted on samples produced by the

Indentation

Fig. 15 Picture of the indented surface with an indentation depth of
1.0 mm
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FDM process using polylactide acid (PLA), varying the material
flow during the deposition. The force—displacement curves were
processed through an algorithm that extracted the yield strength
values during the compression and indentation tests. The influ-
ence of the material flow on the mechanical behavior of speci-
mens was also analyzed. The main results are as follows:

e The extrusion multiplier greatly influenced the yield
strength of the FDM specimens. The variation of the
extrusion multiplier from 99 to 104% led to an increase
in the compressive yield strength from 71 to 75 MPa,
corresponding to a percentage increase of 5%.

e The morphology of the upper surfaces of the samples was
greatly influenced by the adopted extrusion multiplier. The
surface showed a sinusoidal shape due to the unfilled regions
for lower values of the extrusion multiplier. As the extrusion
multiplier increased, the surface was more uniform. On the
other hand, the morphology of the bottom surface was almost
unaffected by the extrusion multiplier. This difference was
due to different deposition conditions occurring at the begin-
ning of the process (the material is extruded over the building
plate) and subsequent layers’ deposition.

e The yield strength value obtained during the indentation
test on the upper surface of specimens grew linearly with
the density of the specimens; the normalized strength
value ranged from 102 to 124 MPa, for specimens printed
with the extrusion multipliers of 99% and 104%, respec-
tively. On the other hand, the yield strength measured
through the indentation tests on the bottom surface was
negligibly influenced by the extrusion multiplier.

e An empirical relationship between the yield strength
measured through the compression test and the normal-
ized strength determined during the indentation test was
determined. The coefficient of determination R>=0.92;
this indicates that the indentation tests can be success-
fully employed to determine the local properties of the
components made by FDM. In addition, since indentation
tests can release relatively shallow indentation (as small as
0.4 mm in depth), the described procedure can be used as
a non-destructive mechanical test for FDM components.
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