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ARTICLE INFO ABSTRACT

Article history: In comparison with conventional manufacturing technologies, Fused Filament Fabrication (FFF) offers countless

Received 30 March 2020 benefits. It broadens the horizons of the design of structural components with high geometrical complexity, and
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competitive advantage as compared to the rest of the additive manufacturing technologies. This work aims to in-

vestigate the role of infill parameters on the mechanical performance and weight reduction of ULTEM™ 9085

ﬁzm?\:gsrﬁanufacmﬁng samples processed by FFF, under tensile, flexural, and shear loading conditions in six different orientations
Fused filament fabrication with several solid and sparse configurations. Regarding the effect of the part orientation and the infill settings,
PEI Ultem the experimental results permit to draw conclusions on stiffness, resilience, maximum stress, and type of failure
Infill of the printed parts. Three-dimensional compliance matrices for each infill configuration are provided. The anal-
Mechanical properties ysis of the results correlates the infill configuration with the mechanical performance considering the intra-layer
Constitutive matrix and inter-layer unions. Finally, this research provides experimental evidence to contribute to the definition of

novel design-for-manufacturing strategies for obtaining functional structural elements by FFF.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction developments are occurring at the same time in multiple fields. Additive
Manufacturing (AM) is at the forefront of these transformations. In the

A new age of digital manufacturing has transformed the way things last decade, this continually evolving technology has widened the hori-
are produced. Under the name of Industry 4.0 revolution, numerous zons of the fabrication possibilities. This fact has led to a complete change
of the way how parts are designed and produced in a wide range of sec-
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Fabrication (FFF) rises above the others. This technology, also commer-
cially known as Fused Deposition Modelling (FDM), excels mainly due
to its versatility, since it is suitable for working with a wide range of ma-
terials. The evolution of FFF has positioned it as a potential candidate for
the industrial sector as it allows to construct components with a high geo-
metrical complexity that can be produced neither at low costs nor in a
short time with conventional manufacturing technologies.

In this 3D printing technology, a thermoplastic filament is deposited
in thin layers by an extrusion head that moves according to the building
toolpaths. The material is heated a few degrees above its glass transition
temperature, which causes an almost instantaneous solidification when
it comes into contact with the last manufactured layer. The new layer is
adhered to the adjacent one, while the volume of the whole part gets
constructed. The main setting parameters are sample orientation,
layer thickness, raster angle, and raster-to-raster air gap.

One remarkable feature of the FFF is its feasibility to fabricate lighter
structures by optimizing the infill of the part. The infill density stands as
a manufacturing parameter that plays a significant role in the strategy to
reduce weight, which provides FFF with an outstanding competitive ad-
vantage as compared to the rest of AM technologies [4]. This fact, to-
gether with the development of high-performance polymeric
materials with remarkable specific strength and stiffness, allows the
obtention of functional structural elements. As an illustrative example,
Fig. 1 depicts the role of the air gap parameter on the manufacturing
time and required material volume for the production of cubes of differ-
ent sizes. Data of time to manufacture in minutes and material volume
in cubic centimeters is added in text boxes to notice the remarkable dif-
ferences between curves when a short side length is evaluated. Each
curve corresponds to a different air gap setting, as indicated in the
legend.

Accordingly, the study of the mechanical performance of structures
with a low infill density is of great interest to the AM community. Pub-
lished contributions have been mostly focused on the mechanical anal-
ysis of the inherent anisotropy induced by the technique in solid
configurations [5-7]. For instance, extensive studies of the behavior of
acrylonitrile butadiene styrene (ABS) FFF parts under tensile, flexural,
and compression states were conducted [8,9], as well as in fatigue con-
ditions [10]. These results awakened the interest towards a numerical
approach of the processed material [11]. Polylactic acid (PLA) was also
investigated with the same purpose [12-14], and the influences of
building parameters on the fatigue life were also evaluated [15]. The
same analyses were attempted with polycarbonate (PC) [16], whose re-
sults provided a stiffness matrix that described the performance of this
material depending on the manufacturing parameters [17]. Other inves-
tigations with the same material deepened in its fracture behavior
[18,19] and the creep effect [20]. Simultaneously, other authors offered
a numerical approach of its performance in fatigue conditions [21].

Among the range of thermoplastic materials analyzed in recent
years, ULTEM™ 9085 (PEI Ultem) [22-24] soars above the rest. This
high-performance polyetherimide (PEI) offers outstanding properties
for multiple industrial purposes. It features a remarkable strength-to-
weight ratio and impact strength with excellent heat resistance, as
well as flame-retardant capacity, and promising flame-smoke-toxicity
(FST) characteristics. For all these reasons, PEI Ultem becomes especially
outstanding for applications in the transport and aerospace sectors
[25,26]. Thanks to applications like these, the interest in PEI Ultem
keeps growing, but many areas of study are still needed to be explored.
For example, its tensile behavior has been documented [27-30], as well
as its response to flexural and compression tests [31-33], and its fatigue
strength compared with other thermoplastics [34]. The consequences of
moisture absorption in the PEI Ultem filament before printing [35] and
its impact resistance [36] have also been investigated. Meanwhile, the
chemical similarities between PEI Ultem and its support material pose
particular challenges for the elimination of the second one. For this rea-
son, other authors focused their work on developing a novel solvent
support-removal methodology [37].

However, to the knowledge of the authors, the benefits associated
with the influence of the rasters separation in terms of weight decrease,
reduction of material consumption, and production time are yet not
fully understood. Further, the optimization of mechanical performance
by just modifying the infill configuration can be crucial to bringing
this technology to the forefront of industrial manufacturing.

Accordingly, the purpose of this work is to investigate the role that
the infill parameters play in the mechanical performance and weight re-
duction of PEI Ultem processed by FFF under multiple load conditions.
This study aims to provide experimental evidence to contribute further
to the definition of novel design-for-manufacturing strategies with an
in-deep analysis of accurate data related to the performance of PEI
Ultem. Thus, the mechanical behavior of this material is evaluated re-
garding the benefits of structural weight reduction, material savings,
and shorter time to manufacture.

2. Methodology
2.1. Design of experiments

Tensile, flexural, and shear loading tests were conducted to identify
the role that the FFF building parameters play on mechanical perfor-
mance and weight reduction. The building parameters chosen for this
study were sample orientation, raster angle, and raster-to-raster air
gap. These parameters were used for changing the internal design of
the parts. The intra-layer orientation of the filaments was set with the
raster angle value. The air gap refers to the separation between two
parallel rasters. Thus, the manufactured parts can be grouped into two
main configurations: solid (air gap = 0 mm) and sparse (air gap >
0 mm). The design of experiments is shown in Table 1, and the
manufactured part orientations are represented in Fig. 2.

In order to identify the effect of the direction of the deposited fila-
ments on the mechanical performance of solid specimens, three
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Fig. 1. Impact of the raster-to-raster air gap on the time to manufacture (top) and the
material volume (bottom) of a PEI Ultem solid cube part, depending on its side length.
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Table 1
Set of samples' orientations for each infill tested configuration.

Solid configuration

Sparse configuration

ASTM test standard

Air gap Raster angle Part orientation Air gap Raster angle Part orientation
(0 X-Flat/Edge 0.25 mm
D638 [38] 0.00 mm 90" Y-Flat/Edge 0.50 mm +45 X';l_aEtéE‘gge
+45° Z-Flat/Edge 0.75 mm g
o X-Flat/Edge 0.25 mm X-Flat/Edge
D790 [39] 0.00 mm 90 Z-Edge 0.50 mm +45° Z-Edge
+45° 0.75 mm
0 X-Flat/Edge 0.25 mm X-Flat/Edge
D5379 [40] 0.00 mm 90 Y-Flat/Edge 0.50 mm +45° Y-Flat/Edge
+45° Z-Flat/Edge 0.75 mm Z-Flat/Edge

different interior raster angles were studied: 0, 90', and +-45". It should
be noted that not all the raster angle values may be convenient for the
use of sparse for structural applications as some values may cause issues
between intra-layer raster connections. Unidirectional sparse configu-
rations dramatically reduce the consistency of these low-density parts
in some particular testing directions. Therefore, only the raster angle
of 445" was considered suitable for manufacturing with any sparse con-
figuration. Regarding the dimensions of the ASTM specimens, the con-
sidered air gap values were 0.25 mm, 0.50 mm, and 0.75 mm.

Each solid and sparse configuration was characterized in all three car-
tesian orientations (X, Y, and Z), as shown in Fig. 2. Due to the shape of the
ASTM specimens, infill toolpaths depend on the arrangement of the part
on the building bed (Flat or Edge). Thus, the possible anisotropic proper-
ties of the material have to be evaluated for every raster angle, particularly
when a unidirectional configuration is used (0" or 90°).

Tensile tests were carried along the X, Y, and Z axes to verify any pos-
sible degree of isotropy in every solid configuration, and particularly the
expected orthotropy in the 445" ones. Preliminary results demon-
strated that equivalent specimens were obtained if samples are rotated
90" around the Z-axis of the printing bed. Therefore, the orientations X-
Flat, X-Edge, and Z-Edge were considered enough for the complete eval-
uation of the tensile mechanical performance of the sparse samples.

Flexural tests were conducted in all configurations to study the dif-
ferences between intra-layer and inter-layer bending properties. To
this end, and considering the stated equivalence of samples, specimens
were manufactured and evaluated just in X-Flat, X-Edge, and Z-Edge di-
rections for both solid and sparse configurations.

Additionally, a full factorial design of experiments was performed for
the shear tests. On this account, identical part orientations were tested
in both solid and sparse configurations.

To test the repeatability of all experiments, a minimum of three
specimens per infill configuration were tested for each orientation, as
detailed in Fig. 2. This led to a total amount of 277 tested specimens.’

2.2. Manufacturing of samples

A Coordinate Machine Binary file (CMB) was generated for each
sample using the Insight software from Stratasys. These files include
all the necessary information for manufacturing the samples according
to the proposed design of experiments. The slice height value was set
to 0.254 mm. All the samples were built with one external contour to ac-
centuate the impact of the infill configuration on the mechanical perfor-
mance. The seam control options were modified in order to remove the
joint of the contour from the gauge section and the transition radius re-
gion. Both contour and part raster widths were established at 0.508 mm.
In all cases, the minimization of the transition moves was activated, and
appropriate infill trajectories were achieved by adjusting the raster
angle parameter. The parallel offset part rasters feature was applied
for the preparation of the solid samples that needed an infill of 0" or

! Tensile testing: 115 samples (70 solid and 45 sparse). Flexural testing: 54 samples (27
solid and 27 sparse). Shear testing: 108 samples (54 solid and 54 sparse).

90". This avoids having a continuous defect along the height of the
part when a unidirectional raster angle is selected. Different sparse con-
figurations were generated by adding distance between filaments with
the raster-to-raster air gap value.

Samples were fabricated using a Stratasys Fortus 400mc FDM equip-
ment. This printer is equipped with a temperature chamber that en-
sures a controlled temperature during the entire manufacturing
process. This controlled environment is crucial as it significantly en-
hances the inter-layer cohesion between adjacent building layers. Re-
garding the supplier indications, the optimum working conditions for
postprocessing PEI Ultem require an oven temperature of 195°C. The ex-
trusion temperature for the model material (PEI Ultem) is 380°C, and for
the support material (PSF polysulfone) is 421°C. Once the samples were
printed, support structures were removed, and the mass and the dimen-
sions of each sample were measured before testing.

2.3. Mechanical testing

Differences in the real effective cross-sectional area and in the front
surface of the tensile samples are shown in Fig. 3. The schematic 3D rep-
resentations depicted in Fig. 4 show the impact that the infill configura-
tion has on both the size and the location of the internal gaps. However,
for the sake of simplicity, the nominal section measurements were used
for the stress calculations.

2.3.1. Experimental setup

Tensile, flexural, and shear tests were performed using ZwickRoell
Z030 equipment. A 3D Digital Image Correlation (DIC) setup was inte-
grated for the investigation of full-field deformation in tensile and
shear tests. Two Allied Vision Gig MAKO G-507B cameras with APO-
Xenoplan 1.4/23-0903 lens were used for recording the displacements
on the surface of the samples. Specimens were previously sprayed
with a black and white stochastic pattern. The system was calibrated
with a GOM Correlate CP20/MV55x44 panel. The video sequences
were treated with GOM Correlate Professional software to analyze the
full-field deformation of the samples.

2.3.2. Tensile testing

Tensile tests were conducted following the ASTM D638 standard
[38] (see Fig. 2). Specimen type IV was chosen with a thickness of
4 mm. The yield point was determined with an offset method of 0.1%
strain. Two perpendicular DIC extensometers placed in the center of
the gauge section of each specimen were used for the calculation of
the Poisson's coefficients within the elastic region. Results of tensile
modulus, yield stress, yield strain, tensile strength, and strain at tensile
strength were reported.

2.3.3. Flexural testing

Three-point bending tests were conducted following the ASTM
D790 standard [39] (see Fig. 2). The thickness of the specimens was
set to 4 mm. The geometry of samples was defined with 64 mm support
span, 10 mm width, and 127 mm length, in agreement with the test
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Fig. 2. Building orientations of all the manufactured test samples. ASTM D638 [38]: X-Flat (A), X-Edge (B), Y-Flat (C), Y-Edge (D), Z-Flat (E), Z-Edge (F); ASTM D790 [39]: X-Flat (G), X-Edge
(H), Z-Edge (I); ASTM D5379 [40]: X-Flat (J), X-Edge (K), Y-Flat (L), Y-Edge (M), Z-Flat (N), Z-Edge (O).

standard. Under these conditions, the rate of crosshead displacement
resulted in 1.71 mm/min. The yield point was determined with an offset
method of 0.1% strain. Although ASTM D790 suggests ending the test
when a 5% of strain is reached, all the samples were tested until failure
occurred. Flexural modulus, yield stress, yield strain, flexural strength,
and strain at flexural strength results were reported.

2.3.4. Shear testing

ASTM D5379 test standard [40] (see Figs. 2 and 5) was followed for
shear testing. The thickness of the specimens was set to 4 mm. With the
used samples, no twisting effect was observed during the test. There-
fore, the use of additional tabs was unnecessary. DIC equipment allowed
the measurement of the shear strain at the center of the specimen. Al-
though the test standard recommends stopping the test when a 5% of
strain is reached, the shear tests were conducted until failure occurred.
The yield point was estimated using the offset method with a strain of
0.2%. Shear modulus, yield point data, shear strength, and strain at
shear strength values were reported.

3. Results and discussion
3.1. Tensile testing

Fig. 6 shows representative data from the tensile tests conducted
with the configurations previously described (see Fig. 2). Apparent
differences in stress and strain values can be observed between sam-
ples. However, some samples present brittle fracture while others
show a larger plastic region. It should be noted that, in the case of
sparse configurations, the stress axis has been scaled for the reader’s
convenience.

Fig. 7 shows the results of tensile testing. The charts in the left col-
umn collect the results of the following tensile properties: tensile
modulus, yield stress, strain at yield stress, and maximum stress
and its corresponding strain. On the one hand, it was observed that
the toolpaths in the gauge region have minor differences if the
arrangement is Flat (6 x 4 mm) or Edge (4 x 6 mm). Thus, the
mean value and the corresponding standard deviation of the results
were calculated for every test orientation (X, Y, and Z) regardless of
the fabrication arrangement (Flat or Edge). On the other hand, the
charts in the right side of the figure show mass-normalized values
of the properties mentioned above. These average values have been

calculated by dividing the obtained test results of each specimen
over its corresponding mass.

Focusing on the left column graphs, all solid configurations achieve
similar results regardless of the orientation of the rasters, especially in
the elastic region (charts q, ¢, and e). These results indicate the existence
of an orthotropic behavior that does not become as outstanding as it
was initially expected. This fact can be attributed to the strength of the ex-
istent joints between coplanar filaments (intra-layer unions) and be-
tween adjacent layers (inter-layer unions). The used 3D printer ensures
that the temperature in the building chamber is tightly controlled during
the entire manufacturing process to enhance this phenomenon. This re-
duces the thermal shock that takes place when the extruded filament is
deposited and enters in contact with the last built layer to improve the
quality of the final parts.

Nonetheless, the maximum strength of the specimens in the Z test
orientation is markedly inferior to that achieved in the X and Y direc-
tions (51.2, 44.3% of reduction for 0°; 39.0, 44.7% for 90°; and 36.8,
39.1% for £45"in X, Y directions, respectively). Furthermore, specimens
oriented along the X or Y axes show a plastic fracture caused by the
elongation of the deposited filaments. The fracture in the Z direction
tests leads to the separation of two contiguous layers in manufacturing,
which happens abruptly, resulting in a brittle type of failure. Thus, ob-
tained results state the lower resistance of the joints between layers in
comparison to that of the filament itself. This fact confirms a remarkable
degree of orthotropy when the strength of the processed material is
evaluated.

The results also verify that a 90" rotation of the parts around the Z-axis
when manufacturing has insignificant effects on the mechanical proper-
ties. This equivalence of samples could initially be expected by analyzing
the toolpaths generated in the CMB file. Furthermore, the noticeable sim-
ilarities while comparing the experimental results obtained in the Xy-Ygo,
Xg0-Yo, and X 45-Y, 45 configurations evidence this hypothesis. These
results confirm the reproducibility of the professional printer for
manufacturing parts with the same toolpaths regardless of their rotation
around the Z-axis on the building bed. The application of this assumption
of equivalence of samples made it possible to remove the Y orientations
from the design of experiments of the tests to perform with the sparse
configurations.

Tests on sparse samples conclude that similar results are seen in
the X orientation regardless of the degree of densification used.
However, this air gap parameter appears to have a more evident
impact when the material is evaluated in the Z orientation. This
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Fig. 3. Effective cross-sectional area (6 mm x 4 mm) (sub-figures a-1) and front surface (sub-figures m-r) of tensile samples in solid and sparse configurations (see Table 1).

observation can be explained by the significant reduction in the re-
sistant cross-section with the modification of the air gap design pa-
rameter, which directly affects the mechanical performance of the
specimens. The effect is minor in Flat samples because the effective
cross-section is perpendicular to the building direction of the sparse
structure (see Figs. 3 and 4).

Nevertheless, the results of the specific mechanical properties
(charts in the right column) demonstrate a much more evident effect
of the use of the sparse configurations. When the mass of the specimens
is taken into account, the reduction of material in the effective cross-
section of the sample is somehow quantified. On some occasions, sparse
configurations show similar or even better specific mechanical proper-
ties to those of the equivalent 445" solid family (commonly predefined

for manufacturing). This fact can be seen in the specific deformation
values achieved in the elastic and plastic zones.

3.2. Flexural testing

Fig. 8 depicts representative curves of solid (top) and sparse (bot-
tom) configurations from the flexural tests. As before, the stress-strain
curves differ in stiffness, maximum load, and material failure depending
on the internal construction of the samples and the direction of testing.
The shaded area of the graphs corresponds to the 5% strain threshold in-
dicated in the ASTM D790 standard [39]. The nomenclature used on the
labels refers to the manufacturing orientations detailed in Fig. 2.
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Fig. 4. Representation of the cross-sectional area of samples in X-Flat 0" (a), X-Flat 90" (b),
and X-Flat 445" (c) solid configurations, and X-Flat 0.25 mm (d), X-Flat 0.50 mm (e), and
X-Flat 0.75 mm (f) sparse configurations (see Table 1).

Fig. 9 shows the results of the following flexural properties (charts in
the left column): flexural modulus, yield stress, strain at yield stress, and
maximum stress and its corresponding strain. In graphs e and i, the 5% of
strain threshold is indicated. Applying again the assumption of equiva-
lence of samples stated in tensile tests, the results from flexural tests
were determined for X-Flat, X-Edge, and Z-Edge orientations exclu-
sively. The charts shown in the right column of the figure correspond
to the equivalent specific values of each of the properties to ease data

Fig. 5. Experimental setup for ASTM D5379 shear test standard with Digital Image
Correlation equipment.
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Fig. 6. Representative stress-strain data from the tensile test results of solid (top) and
sparse (bottom) configurations with the different orientations of rasters and infill
densities (see Fig. 2).

interpretation. These values were calculated by normalizing according
to the mass of each sample.

When flexural test results are compared with the data from the ten-
sile tests, an inferior degree of isotropy is observed when the load is
below the elastic limit. Minor differences are observed on the flexural
moduli (X-Flat, X-Edge, and Z-Edge) of all solid samples (2260, 2360,
1950 MPa for 0°; 1847, 2112, 2073 MPa for 90°; and 1942, 2299,
1979 MPa for +45°). However, noticeable deviations appear between
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the X-Flat and X-Edge test orientations when the yield point (charts c and configurations, respectively. This occurs because the 90" configuration
e) and the maximum load (charts g and i) are analyzed. The highest and samples have intra-layer filaments parallel to the stress plane. In contrast,
lowest values for stress and strain can be observed for 0" and 90° the 0" configuration specimens have the infill rasters perpendicular to the
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Fig. 8. Representative stress-strain data from the flexural test results of solid (top) and sparse
(bottom) configurations with the different orientations of rasters and infill densities stated in
Fig. 2. The beginning of the shaded area, where the major part of breaks occurs, refers to the
calculation threshold established in the ASTM D790 [39] standard.

stress plane. Hence, the results indicate that both the resilience and the
bending tenacity of solid samples are lower when the intra-layer unions
support the stress. As an example, charts c and e in Fig. 9 show that the
resilience of the samples is lower when the raster angle is set to 90’,
and it increases when this parameter is set to +45". The maximum resil-
ience is achieved when the orientation of the filaments coincides with the
direction of the tensioned fiber (raster angle of 0°).

The sparse infill configuration shows a markedly different behavior
between the X-Flat samples, and the X-Edge and Z-Edge specimens. Al-

b x h?
12
is equivalent,? the effective cross-sections are significantly different (see
Figs. 3 and 4) depending on the testing orientation. Moreover, the layer
contours in the outside of the specimen act as a reinforcement skin in
the direction of the outer fiber in both X-Edge and Z-Edge orientations.
Nevertheless, the X-Flat samples do not have any skin on the outer ten-
sioned layer, so their stiffness is directly equivalent to that of the sparse
core. This observation explains the noticeable differences between the

values presented in chart a of Fig. 9.

When comparing mass-normalized values, the sparse configurations
X-Edge and Z-Edge directions resemble average values achieved by the
solid typologies. But the main variations occur in the X-Flat orientation.
In this case, the specific mechanical performance of the sparse samples
is notably close to the results stated by the solid ones, particularly for the
yield point and peak strength values. Additionally, their specific defor-
mation values at these points are above those of the solid families, and
there is a three-fold increase in the X-Flat direction samples in
particular.

These results prove that sparse configurations can be a suitable sub-
stitute for solid parts. However, the advantages become more apparent
when they are used in geometries with large surfaces parallel to the
printing bed. In those situations, the introduction of an air gap between
the rasters decreases the mass and the cost of the parts significantly
while maintaining similar mechanical properties overall.

though the nominal second moment of inertia (I =

) of all sections

3.3. Shear testing

Fig. 10 depicts the selected data from the results of the shear tests
performed in solid (top) and sparse (bottom) configurations. The
stress-strain curves differ in stiffness, maximum load, and material fail-
ure depending on the infill configuration and the direction of testing. In
the case of sparse configurations, as before, the stress axis has been
scaled for the reader’s convenience. The shaded area of the graphs re-
sembles the 5% strain threshold indicated in the ASTM D5379 standard
[40], corresponding to 50 me. The nomenclature used on the labels re-
fers to the manufacturing orientation displayed in Fig. 2.

Fig. 11 displays the following shear properties (charts in the left col-
umn): shear modulus, yield stress, strain at yield stress, and maximum
stress, as well as its corresponding strain. In charts e and i, the 50 me of
strain threshold is indicated. The charts on the right side of the figure
show the mass-normalized values of the properties mentioned above,
considering the mass of each tested sample.

Depicted results are average values obtained by testing the two pos-
sible arrangements of samples belonging to the same plane. As
displayed in Fig. 2, the X-Flat (J) and Y-Flat (L) samples are contained
in the same XY plane, but they have their infill filaments arranged in dif-
ferent alignments. The same applies to the X-Edge (K) and Z-Flat
(N) samples in the XZ plane, and the Y-Edge (M) and Z-Edge (O) in
the YZ plane. The obtained data shows that there is a distinct behavior
between the samples contained in the same plane (Fig. 11). These dif-
ferences are attributed to the modification of the effective cross-
section of samples, due to the arrangement of filaments and layers. Ac-
cordingly, an average value was determined for each orthogonal plane
(XY, XZ, and YZ) to calculate the constitutive matrix.

As shown in Fig. 11, the results for X-Flat and Y-Flat (XY and YX ar-
rangements) with an air gap of 0.75 mm could not be determined. Due
to the limited amount of rasters in this particular infill configuration, no
recognizable stochastic pattern could be obtained for an accurate
enough DIC post-process. Therefore, the mechanical properties results
are only presented for the rest of the arrangements of this sparse

2 0.25 mm air gap samples averaged an inertia of 64.11 mm*, while 64.51 mm* was reg-
istered by the 0.50 mm specimens, and 64.32 mm* by the 0.75 mm ones.
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Fig. 9. Flexural test results comparision between solid and sparse configurations: flexural modulus (a), specific flexural modulus (b), flexural yield stress (c), specific flexural yield stress
(d), flexural strain at yield (e), specific flexural strain at yield (f), flexural strength (g), specific flexural strength (h), strain at flexural strength (i), and specific strain at flexural strength (j).

Focusing on the charts in the left column of Fig. 11, solid and sparse
configurations have different trends in the six evaluated arrangements.
The equivalency of samples assumed from solid tensile test results is

typology. Additionally, the yield point of the X-Flat (XY) orientation
with a 0.50 mm air gap could not be determined using the offset method
indicated above.
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Fig. 10. Representative stress-strain data from the shear test results of solid (top) and
sparse (bottom) configurations with the different orientations of rasters and infill
densities stated in Fig. 2. The beginning of the shaded area, where the major part of
breaks occurs, refers to the calculation threshold established in the ASTM D5379 [40]
standard.

still noticeable. Actually, XY and YX results should be treated together,
as well as the XZ and YZ, and the ZX and ZY. Furthermore, the raster ori-
entation in the solid unidirectional configurations (0" and 90°) must be
taken into account. Thus, the XY results of the 0" solid family are equiv-
alent to the 90 results of the YX arrangement and vice versa. Similarly,
the same deduction can be applied to the results of XZ and YZ disposi-
tions, and those of ZX and ZY.

The analysis of the results of shear modulus from the solid samples
concludes that very close values of stiffness are obtained with the 0" and
90 configurations. In all tests, the 445" infill configuration presents supe-
rior rigidity. Regarding the sparse typologies, all samples display slightly
higher values in the XY and YX arrangements (427, 477 MPa for
0.25 mm; and 328, 293 MPa for 0.50 mm in XY and YX arrangements, re-
spectively). Moreover, the results prove the hypothesis that an increment
of the air gap value leads to a decrease in stiffness, as expected.

As can be seen, yield stress values for the solid configurations are
similar, being the +45" samples the ones that offer higher results as
compared to the 0" and 90" configurations. In the case of the sparse sam-
ples, the stress values obtained in the vertical arrangements (ZX and ZY)
reduce significantly as the air gap value increases. Particularly, the ob-
tained mean stresses at yield for solid +45" samples were 29.3 MPa in
ZX and 27.1 MPa in ZY. When a positive air gap is used, these values de-
crease to 18.9 MPa and 18.6 MPa for 0.25 mm, 15.6 MPa, and 16.1 MPa
for 0.50 mm, and 13.7 MPa and 13.7 MPa for 0.75 mm, respectively. In
samples manufactured in XZ and YZ, the increase in the air gap appears
not to compromise this property.

At this point, it should be noted that the DIC post-process of shear
test requires that a larger area of the pattern must be recognized during
all the tests as a GOM Surface Component needs to be created. This fact
results in a reduction of the DIC post-process accuracy in the shear tests
in comparison with the tensile ones, which demand a 2-point exten-
someter. Thus, the wider dispersion of the results from shear tests
makes it more challenging to find notable changes in this property. Nev-
ertheless, as stated above, some trends can be observed that fit the hy-
pothesis of this paper.

In contrast, the maximum strength values of the solid specimens
show some clear tendencies. The sample equivalence already observed
with the results from the tensile tests becomes even more evident.
Specimens from 0" solid configuration exhibit lower strength in the XY
and XZ directions. As the infill filaments are deposited perpendicularly
to the resistant cross-section, they shear and slide during the test until
the intra-layer unions (XY) or the inter-layer ones (XZ) fail. In vertical
samples, the superior strength of this solid configuration is reached
when the number of intra-layer filament unions in the effective cross-
section is higher (ZY direction). In 90" solid configuration, the same phe-
nomenon is observed in the YX, YZ directions, and, to a minor extent, in
the ZX. This effect is not seen in the 445" solid configuration, which has
similar strength values in all arrangements. Also, this phenomenon is
not appreciated in the sparse typologies. In these cases, the maximum
strength decreases as the air gap increases.

Finally, the trends are slightly different when considering the nor-
malized value of every property (charts in the right column). The spe-
cific stiffness results from XY and YX sparse samples are comparable
to the ones from their solid counterparts. Moreover, the values from
the sparse XZ, YZ, ZX, and ZY arrangements are also analogous to
those of the solid ones. The same result can be found between sparse
and solid configurations regarding yield stress properties. However,
considering the deviations of the obtained results, their specific strains
at this point are significantly higher as compared to those when no air
gap is used. Furthermore, the mass contribution also sets the specific
strength values of the sparse configurations slightly below those ob-
tained by the solid families.

3.4. Compliance matrices

Table 2 (solid) and Table 3 (sparse) collect the average values and
their corresponding standard deviation of the measured engineering
constants. Analogous data already published from equivalent infill con-
figurations is presented for comparison. As stated before, in some tests
the thickness of the samples or the limited amount of rasters of some
infill configurations compromised the accuracy of the DIC post-
process. Accordingly, no data is presented for those cases when the sto-
chastic pattern was not correctly recognized.
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Fig. 11. Shear test results comparision between solid and sparse configurations: shear modulus (a), specific shear modulus (b), shear yield stress (c), specific shear yield stress (d), shear
strain at yield (e), specific shear strain at yield (f), shear strength (g), specific shear strength (h), strain at shear strength (i), and specific strain at shear strength (j).

Based on the experimental results, the compliance matrix S for each
studied configuration was calculated. Fig. 12 depicts the obtained
compliance matrices describing the orthotropic elastic behavior of PEI
Ultem parts processed by FFF in every one of the solid and sparse
configurations investigated. The components of the diagonal corre-

1 1 1

1
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Gxz
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Table 3

Comparison of the obtained engineering constants of the PEI Ultem with those published in the literature for sparse configurations.

Poisson's ratio

Shear moduli (MPa)

Flexural moduli (MPa)

Tensile moduli (MPa)

Air gap

(mm)

Vzy

Vyz

Gyz Vxy Vyx Vxz

Gxz

Gxy
452

EZAEdge

EXAEdge

Ex—Fiat

Ez

Ey

Ex

+0.056
0.276

N/A 0.281

N/A

+0.044

0.289
0.388

N/A

0.436
+0.024
0.546

3
+38

403
+35
284

1809
+22 +18

1809
+143
1788
+12

726
+11

1612
+159
1329
+65

+48 N/A

978
969

0.25

+0.087 N/A N/A +0.023
0.363 0.241

N/A

+0.085
0.505

291
+31
260

10
+10 +12

N/A

1512
+30
1554
+16

487
+4

+119 N/A

870

0.50

+20 +0.071 N/A +0.017 N/A N/A +0.076

266
+45

1548
+57

1056 468
N/A +73 +4

4183

0.75
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1847
+43

-1786
+26

2.54°

@ [31] Raster angle +45"; Number of contours: 1; Contour width: 0.508 mm; Raster width: 0.508 mm.

The extension coefficients® of the matrices of solid configurations
confirm a similarity between the X and the Y axes (i.e., S;; = S;) re-
gardless of the orientation of the infill rasters. Slightly higher flexibility
is observed in Z-direction in 0" and 90" samples (i.e., S33 > S11), as ex-
pected. The 45 configuration holds an equivalent Z-performance to
X and Y results (i.e., S33 = S11 = S,,). This experimental observation
may be considered to be related to the intra-layer and inter-layer cohe-
sion. During the deposition of the material, the difference in tempera-
ture between contiguous filaments (intra-layer) is significantly lower
than the thermal gradient between adjacent layers (inter-layer). As a
result, the bond between parallel filaments is more rigid and resistant
than the one between layers. Specifically, the oven temperature was
set at 195°C, while the PEI Ultem extrusion temperature was 380°C.
This evidence may explain why the stiffness in the filament direction
is higher than between filaments.

Regarding the shear components, in all three solid configurations,
higher flexibility is identified in the XY-plane (i.e., Sgg). In contrast, de-
spite some unavailable Poisson's ratio results, the impact of the direc-
tion of the infill rasters on the extension-extension coupling
coefficients® appears to be negligible (i.e., S12 = S13 = S»3). Furthermore,
if the flexibility of these configurations is analyzed, the +45" raster angle
provides a stiffer intra-layer and inter-layer cohesion than any unidirec-
tional configuration.

Some authors [41,42] have recently assumed that, under a plane
stress state, the printed parts present a transversely isotropic behavior
of the plane parallel to the building bed. This hypothesis can be exam-
ined here from matrices presented in Fig. 12. Thus, an isotropic trans-
verse behavior of the XY plane on a general stress state would be

reflected as S1; = S»2, S13 = S23, Saa = Ss5, and the component Sgg =

b = 200 +Vxr) = 2(511—S12). However, not all these component con-
Gxy Ex

ditions are satisfied in this general stress state. Major differences are
found on components Sgg. For example, in the 0" solid configuration
S82 = 1.205 GPa~ ! < SEP = 1.891 GPa . Analogous analyses could be
done for the 90 and 445 configurations considering the same
plane. Another approach would be to assume a transversely isotropic
behavior of the plane perpendicular to the filaments. Accordingly, in
the 0" solid configuration, an isotropic transverse behavior of the YZ
plane would be reflected as S, = S33, S12 = S13, Ss5 = Sgg and the com-
ponent Sk = 1 _20+vy)

Gyz Ey

could be done for the 90" configuration regarding the XZ plane, and
for the £45" configuration considering both YZ and XZ planes. As before,
the component conditions are not satisfied.

Overall, the experimental results show a more flexible behavior in
the shearing plane than the transverse isotropy hypotheses. Conse-
quently, the results of this investigation do not recognize transversely
isotropic behavior neither on the plane XY, nor on the plane perpendic-
ular to the filaments.

In the right column of Fig. 12, the results of the matrices of the sparse
configurations are given. It should be noted that S,, components have
taken the value of S;; since the corresponding tests were not conducted,
following the conclusions drawn from the tensile tests with solid sam-
ples. As can be seen, the sparse compliance matrices display higher
values than the solid ones, as expected. This fact agrees with the in-
creased flexibility of the printed parts due to the addition of the air
gap between filaments. Besides that, stiffness is less compromised in
sparse configurations on Z-direction, as demonstrated by the fact that

~ 1.294GPa"'. Analogous analyses

3 Extension coefficients were determined considering the tensile moduli results.

4 Extension-extension coupling coefficients were determined considering the tensile
moduli results.

5 S =1.265GPa~' < SEP = 1.816 GPa™ .

6 Sl = 1.285 GPa~! < SEP = 1.587 GPa™".
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Compliance matrix S in GPa™!
for solid 0° configuration

Compliance matrix S in GPa™!
for sparse 0.25 mm configuration

[ 0446 -0.156 -0.158 0 0
+0.016  +0.018 +0.020
0.483 N/A 0 0 0
+0.039
0.517 0 0
£0.018
1.589 0
+0.073
1.534
Sym. +0.109
1.891
£0.148 |
Compliance matrix S in GPa™!
for solid 90° configuration
[ 0476 -0.156 -0.196 0 0
£0.036  0.025 £0.043
0473 -0.167 0 0
£0.017 £0.015
0.532 0 0
£0.038
1.768 0
+0.136
1.549
Sym. +0.203
1.816
£0.251 |
Compliance matrix S in GPa™!
for solid +45° configuration
[ 0478 -0.164 -0.175 0 0
£0.025  +0.009 £0.017
0.465 N/A 0 0 0
+0.043
0.470 0 0
£0.013
1.342 0
+0.160
1.356
Sym. +0.169
1.587
£0.203 |

[ 1.023 -0.446 -0.305 0 0
+0.050  +0.033 +0.048
1.023 -0.174 0 0
+0.050 £0.039
0.621 0 0
+0.061
2.521 0
+£0.240
2.479
Sym.
+0.214
2.212
+0.089 |
Compliance matrix S in GPa™!
for sparse 0.50 mm configuration
[ 1.032 -0.582 -0.401 0 0
+0.127  +0.113 £0.102
1.032 -0.208 0 0
£0.127 +0.020
0.753 0 0
+0.037
3.432 0
+£0.369
Sym. 3.522
+0.147
3.224
+0.108 |
Compliance matrix S in GPa™!
for sparse 0.75 mm configuration
[ 1.149 -0.581 -0.418 0 0
£0242  +0.147 +0.090
1.149 -0.228 0 0
+0.242 +0.074
0.947 0 0
+0.065
3.845 0
+0.299
Sym. 3.764
+0.636
N/A

Fig. 12. Compliance matrices describing the orthotropic elastic behavior of PEI Ultem processed by FFF in solid 0", 90", and 445 and sparse 0.25 mm, 0.50 mm, and 0.75 mm configurations.

S33 < Sp; in all settings. This effect is because the air gap separation in-
volves eliminating the intra-layer filament unions, but not the inter-
layer cohesion. A similar effect is found in component Sgg. In the solid
+45" samples, the intra-layer unions are stiffer than inter-layer ones,
S0 Sge > Ss5 = S44. In contrast, in all sparse configurations Sgg < Ss5 =~
Sa4 as the intra-layer filament unions are removed. Finally, a different
trend from the solid +45" configuration is observed when analyzing
extension-extension coupling coefficients, as Si, < Sy3 < S,z in all sparse
cases.

4. Conclusions

The reported results are conclusive experimental evidence of the
role that the infill parameters have on the mechanical performance
and weight reduction of PEI Ultem processed by FFF under multiple
load conditions.

Overall, the mechanical behavior of the printed parts depends on the
material, and particularly on the FFF manufacturing parameters. The
above analysis shows that the orientation and the infill settings have a



A. Forés-Garriga et al. / Materials and Design 193 (2020) 108810 15

direct impact on the stiffness, the resilience, the maximum stress, and
the type of failure of the processed parts. Consequently, the appropriate
control of these design parameters would allow manufacturing final
parts with optimal performance.

The obtained results indicate that both the intra-layer and the inter-
layer bonds play a significant role in the behavior of the FFF samples. In
this sense, the use of the thermal chamber reduces the temperature gra-
dient between the deposited filament and the last layer built. This fact
strengthens the unions, improves mechanical performance, and de-
creases the degree of orthotropy. Furthermore, the results obtained con-
firm that the stiffness on the direction of the extruded filament is higher
than the one of the intra-layer unions between contiguous filaments.
However, the rigidity of the inter-layer cohesion of adjacent layers is
the lowest.

The use of the air gap in the design of the infill leads to a meaningful
reduction of the manufacturing costs associated with the material and
production time. The results of the mechanical tests that were con-
ducted prove that the sparse infill has a quantifiable impact on the spe-
cific mechanical properties. The specific values obtained by normalizing
the test results by the mass of every sample are comparable to those
achieved with the solid configurations or even superiors, particularly
in the strain range.

The calculated compliance matrices verify the inherent orthotropy
of FFF technology. Results also ascertain the effect of the manufacturing
parameters on the elastic behavior of the PEI Ultem printed parts.
These matrices will be valuable for the validation of forthcoming nu-
merical models addressing different infill configurations. The matri-
ces analysis also enabled to determine a correlation between the FFF
settings and the mechanical performance of the intra-layer and
inter-layer unions.

Nevertheless, the development of FFF technology still has some open
fronts. The behavior of the intra-layer unions depends to a large extent
on the fact that the infill filaments are deposited as parallel as possible.
Furthermore, special attention must be paid on the placement of the
contour seam, as it can behave as a dramatic stress concentrator. All
these facts can have a detrimental effect on the mechanical performance
of the manufactured parts, thus being a challenge for FFF technology
that should be further addressed.

Finally, this investigation contributes to the development of novel
design-for-manufacturing strategies to obtain functional structural ele-
ments. This fact provides FFF with an outstanding competitive advan-
tage in comparison to other AM technologies.
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