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Abstract

Fused deposition modeling (FDM) is one of the most common additive manufacturing (AM) techniques for fabricating
prototypes as well as functional parts. In this technique, several parameters may influence the part quality and consequently
mechanical properties of fabricated components. In this paper, an experimental investigation on effects of fabrication
temperature as one of the influential parameters on mechanical properties of manufactured parts is presented. A series
of specimens fabricated at temperatures ranging from 180 to 260 °C were used for this investigation. X-ray computed
tomography (CT) was used in order to non-destructively analyze the internal geometry of the specimens especially the bond
between extruded filaments. Finally, the specimens were subjected to a uniaxial tensile load for evaluation of mechanical
properties. The results showed that the specimens fabricated at lower temperatures have relatively lower tensile strength
despite their considerably higher strain at break. In addition, the specimens fabricated at higher temperature range had
significantly higher tensile strength because of the better bond between extruded filaments. The different mechanical
responses were highly related to the internal geometry of the specimens and not necessarily the porosity. CT showed great
potential as a non-destructive tool for investigation and development of FDM process.

Keywords Fused deposition modeling - Computed tomography - Polylactic acid - Additive manufacturing

1 Introduction

Additive manufacturing (AM) technologies have become
competitive techniques for manufacturing of near net-shape
parts. There has been a rapid growth in application of these
methods due to their ability to fabricate parts with high
geometrical complexity [1]. In these methods, a part is
fabricated directly from computer-aided design (CAD) data
in layer by layer fashion by adding material to the previous
layer until the complete object is achieved. Although many
of these techniques were initially developed and used for
prototyping nowadays AM methods are also widely used
for the production application. The rapid development of
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AM requires in-depth investigation at various aspects of
these methods [2, 3]. Fused deposition modeling (FDM),
has been used in various fields of science and engineering
in the last decade [4, 5]. In FDM, the material is pushed to a
heated liquefier and semi-molten material is extruded using
anozzle and deposited according to a path obtained from the
slicing of the CAD geometry. Either the nozzle or build plate
is moved in a transitional and transverse direction in order
to selectively deposit the semi-molten material. A new layer
of material is deposited on the previously deposited layers.
The common materials which are used in this method are
acrylonitrile butadiene styrene (ABS) and polylactic acid
(PLA). Low cost of both raw material and the machines, as
well as simplicity of the method, has made it a widespread
method. Acceptable part accuracy, low maintenance cost,
and ease of operating are other advantages of this method.
The aforementioned advantages have given freedom to users
worldwide to study different aspects of this method such as
part accuracy and mechanical properties and its relation to
the build direction.
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Investigations have been done concerning the effects
of process parameters on part quality and improvement
of FDM process [5-10]. Bellehumeur et al. studied
manufacturing parameters such as extrusion temperature
and effect of extruded filament dimensions on the bond
formation of polymer extruded filaments in FDM [11]. The
main focus of that study was to model the bond formation
process and it was concluded that nozzle temperature has
a significant effect on bonding process. Both Mohamed et
al. and Miquel et al. have confirmed the effect of build
direction and part orientation in build chamber on the
mechanical properties of parts made by FDM [8, 12]. Kaveh
et al. suggested a method in order to improve internal cavity
and precision of parts by optimizing printing parameters
such as feed and flow rate, extruded filament width, and
printing temperature [9]. Mechanical anisotropy of FDM
parts and the effect of porosity ratio were studied by Koch
et al. [13]. Ang et al. also showed that the mechanical
properties of FDM-manufactured parts are influenced by
porosity and build orientation [14]. They concluded that air
gaps or basically porosity has the most influential effect
on mechanical properties of FDM parts. IR thermography
investigation on nozzle temperature and temperature of
extruded filaments in order to study the bond formation in
FDM process was done by Seppala et al. [15]. Effect of
solidity ratio using an open-source slicing program has also
been studied [7, 13].

Printing defects associated with FDM process especially
internal defects related to turns at the points where contour
and raster filaments intersect with each other have been
discussed in the literature [16]. Koch et al. has shown that
such effect has a strong influence on the strength of parts
fabricated with extruded filaments perpendicular to load
direction [13]. This effect which is also known as corner
effect is the result of decelerating and accelerating of the
nozzle at turns, which leads to a more material deposition at
those points.

Although others have used weight, porosity, or solidity
ratio in order to study the strength of FDM parts, an in-
depth investigation of internal structure and bond quality of
extruded filaments has not been carried out. X-ray computed
tomography (CT) is a non-destructive inspection method
for investigating internal features of objects. The technique
was initially used in medical science but in the last decade,
it has been widely used in engineering and many other
branches of science [17]. The method is based on the
ability of X-ray radiation to penetrate through objects and
its attenuation based on the material and thickness of the
object. Using this non-destructive method, it is possible to
obtain geometrical information of both internal and external
features of an object. CT was combined with finite element
(FE) computation in a research work done by Nouri et al.
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[18]. A special modeling technique was used in order
to quantify microstructural imperfections in FDM parts
fabricated with different printing orientations.

In this study, the effect of fabrication temperature as
an influential parameter in FDM on parts’ mechanical
properties has been investigated. CT has been used in order
to non-destructively investigate the internal geometry of
parts especially the bond between extruded filaments. The
information from the internal geometry of the specimens
obtained from CT scanning was used to find the relation
between the selected fabrication temperatures and the
resulting mechanical strength of the specimens obtained
from mechanical testing. This study provides an insight
into application of CT for development of FDM process
at the design stage in order to achieve parts with optimal
mechanical strength.

2 Materials and methods
2.1 Material, design, and fabrication process

An Ultimaker2 FDM printer was used for fabrication of
the specimens. The material was black PLA filament with
2.85 £ 0.1 mm in diameter with melting temperature of
145-160 °C and glass transition temperature of 60—-65°C
[19]. The tensile specimens were manufactured according
to the ISO 527 standard [20]. Figure la shows the
CAD design and the fabrication orientation of the tensile
specimens where the Z direction is the build direction.
The manufacturing parameters for fabrication of specimens
including build direction, part orientation, printing speed,
etc. were identical except the fabrication temperature.
Different temperatures ranging from 180 to 260 °C with
10 °C increment were used resulting in nine sets of
samples. For each fabrication temperature, three samples
were fabricated for the tensile testing. The diameter of
the extrusion nozzle was 0.8 mm for all the specimens.
The layer thickness was 0.1 mm and 100 % infill was
chosen for all the specimens. Build plate temperature and
the nozzle travel speed were set to 60 °C and 70 mm/s
respectively.

The infill pattern which was chosen for fabrication of
the specimens is schematically illustrated in Fig. 1b, c.
As it is shown in the figure, apart from the external
contouring extruded filament, the specimens consisted of
the longitudinal extruded filaments which were deposited
along the Y-axis and transverse extruded filaments which
were deposited along the X-axis of the specimens on the
next layer. The fabricated specimens consisted of 20 layers
of transverse and 20 layers of longitudinal extruded filament
deposited on top of each other.
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Fig.1 (a) CAD design and
orientation of the specimens
where the dashed box is
showing the region of interest.
(b) Schematic of longitudinal
infill filaments. (c) Schematic of
transverse infill filaments

2.2 Mechanical testing and measurement

The fabricated specimens were subjected to uniaxial tensile
load until break in order to evaluate their tensile strengths.
The tensile tests were performed at room temperature using
an Instron 4458 instrument with a load cell of 300 kN. All
tensile tests were performed at a speed of 1 mm/min.

2.3 X-ray computed tomography

In this study, a Nikon XT H 225 micro-computed
tomography system was used. The CT parameters such
as the number of projections, the tube power, and the
magnification were set to be the same for all the scans. The
CT scanning was done on one out of the three samples for
each temperature. A 20-mm-long section of each specimen
at the middle of the gauge length was scanned in order to
achieve the desired resolution. The resulting voxel size for
all the scans was 15.9 um. The scanned section or the region
of interest (ROI) is shown in Fig. 1a using the dashed box.
One thousand eighty projections were captured in each scan
while the voltage and amperage of the tube were 80 kV
and 81 pA respectively. No filter was used in the scans and
exposure time was set to 1 s.

The post-processing of CT data can affect the measure-
ments and consequently the results. Adjusting the threshold
in order to segment the material from the surrounding air
which is called surface determination can be done based on
different methods. In this study, ISO50 was used as surface
determination method. This threshold-based segmentation
method calculates the gray value of material and air peak
from the data set histogram and considers the average value
of those gray values as the threshold.

b c

2.3.1 Minimum cross-sectional area

Since the specimens were subjected to a uniaxial tensile
load, the measurement of minimum cross-sectional areas
perpendicular to load direction was of interest. Such a
measurement was operator dependent and highly dependent
on the alignment of the reconstructed CT volumes; thus,
a repeatable method must be used. In addition, due to the
flaws affiliated with the fabrication process, the minimum
load-bearing areas might not necessarily occur in a plane
perpendicular to the load direction. Therefore, average of
cross-sectional areas at several planes where the largest
air gap volumes occur was measured instead. Aligned
measuring boxes with specific thicknesses were used in
VGStudio Max 3 in order to calculate the total volume
of PLA material within the boxes. The average of the
minimum cross-sectional area was calculated by dividing
the volumes by the thickness of measuring boxes. This is
further discussed in Section 3.2.2.

2.3.2 Porosity analysis

Using the CT data, the total volume of PLA material, as well
as total volume of air trapped in each specimen at the ROI,
was measured. The porosity of the specimens was calculated
by dividing the air volume by sum of air plus material
volume as it is shown in Eq. 1. The “material content”
can be achieved by calculating the inverse of the porosity
content.

. Vair
P ty = 1
orostty (Vuir — Vmaterial) M
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Fig.2 (Left) Average weight of specimens in gram. (Right) Weight of specimens at ROI calculated based on volumes obtained using CT

3 Results and discussion
3.1 Part quality

The weight of specimens was influenced by the selected
fabrication temperatures. The specimens which were man-
ufactured at higher temperatures were heavier regardless of
their as-built geometry. Figure 2 shows the average weight
of the specimens fabricated at different temperatures as well
as the calculated weight of the specimens at ROI obtained
from CT data based on their volumes. Both measurements
obtained from total weight measurement of the whole spec-
imens and weight measurement of ROIs from CT show
the same trend. While the specimens printed at 180 °C
and 190 °C have considerably lower total weight compared
to the rest of the specimens, the deviation in weight for
samples fabricated at 220 °C and higher was not signifi-
cant. The same pattern can be observed from data acquired
from weight measurement of ROI. The results from weight

measurement show relative lack of deposition for specimens
fabricated at lower temperatures.

The as-built geometry of specimens showed deviation
from the CAD-designed geometry. Poor part quality
compared to the rest of specimens was observed for the
specimens fabricated at 180 °C and 190 °C. They had lower
surface quality and the printer failed to deposit material at
few regions due to inconsistent deposition rate. Figure 3a,
b, c shows the CT-reconstructed geometry of specimens at
ROIs fabricated at 180, 220, and 260 °C respectively. The
aforementioned inaccuracy could be specifically observed
at the side walls of the specimens fabricated at two lowest
temperatures and it is shown for 180 °C in Fig. 3a. This
can also be observed at a cross-section of the specimen
fabricated at 180 °C in Fig. 4d.

The width of specimens was bigger than the designed
width on the side facing to the build plate especially for
those fabricated at 230 °C and higher. This was mainly
due to the preheating of build plate. The cooling fans

a b

Fig.3 CT-reconstructed geometry of ROIs for specimens fabricated at a 180 °C, b 220 °C, and ¢ 260 °C
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Fig. 4 Cross-sectional areas of specimens fabricated at 180 °C, 220
°C, and 260 °C at a—c XY plane and d—f

XZ plane

of the system were also not activated for the first four
layers. This resulted in a concave shape for the cross-section
of specimens fabricated at 220 °C and 260 °C which is
illustrated in Fig. 4e, f respectively.

3.2 Investigation of internal geometry using CT

An in-depth investigation was carried out on the internal
geometry of the specimens at the ROI obtained from
CT data. The lack of deposition resulting in bigger air
gap was observed for the specimens fabricated at lower
temperatures which confirms the results obtained from
the weight measurement. Figure 4 shows different cross-
sections of the specimens fabricated at 180, 220, and 260 °C
illustrating the quality of extruded filaments. Figure 4a, d
shows lack of bond between longitudinal extruded filaments
as well as poor deposition. The longitudinal filaments at
the center are not bonded to each other; however, the
contour filaments and their adjacent longitudinal filaments
are slightly fused to each other. Figure 4b shows the
quality of the bond between longitudinal filaments for the
specimen fabricated at 220 °C. As it can be observed, the
bond quality has significantly improved compared to the
specimen fabricated at 180 °C even though considerably
large longitudinal air gap, especially at the middle, still
exists. Figure 4c which refers to the specimen fabricated at
260 °C shows smaller air gap compared to those fabricated
at lower temperatures as well as the better bond between
longitudinal extruded filaments. Figure 4d, e, f shows the
cross-sections of specimens fabricated at 180 °C, 220
°C, and 260 °C at their minimum cross-sectional areas.
As it is illustrated, the extruded filament widths for the
specimen fabricated at 180 °C are considerably smaller
compared to those fabricated at 220 °C and 260 °C which
consequently resulted in significantly bigger air gaps for

the specimen fabricated at 180 °C. Lack of bond between
longitudinal extruded filaments for 180 °C can be observed
resulting in the least minimum cross-sectional area among
all the specimen groups. Although the filaments width has
increased for specimen fabricated at 220 °C, still significant
air gap can be observed. The specimen fabricated at 260 °C
achieved the largest minimum cross-sectional area which is
displayed in Fig. 4f, even though it is still porous at the
center.

The lower part of the specimen fabricated at 260 °C
consisting of the first eight layers was dense and no air
gap could be observed. The same fully dense region can be
observed for the specimen fabricated at 220 °C in Fig. 4e;
however, it only consists of the first four layers. Moreover,
considering Fig. 4d, e, f, the contour extruded filaments or
basically the side walls are relatively dense at all fabricating
temperatures since they consist of only longitudinal contour
filaments deposited on top of each other.

3.2.1 Transverse filaments and turn effect

In the case of longitudinal load, the transverse extruded
filaments have less contribution to the strength of FDM
parts compared to longitudinal filaments; however, the
bond between transverse filaments may impact the final
longitudinal strength of the parts. The result from CT
data showed that temperature has a considerable impact at
turns during deposition of transverse filaments. Figure Sa—
i displays the quality of the bond between transverse
filaments for various fabrication temperatures where top
images show the XY plane view and bottom images show
YZ plane view. As it is illustrated in the XY plane view,
the transverse filaments in specimens fabricated at 230
°C and above have larger bond area in contact with their
adjacent filaments and the filaments at turns are almost
joined together; however, for those fabricated at 220 °C
and lower, the filaments are not joined together and have
weaker bonds at turns. It is also visible from in the images
from the YZ plane view that filament widths have increased
by increasing the fabrication temperature. The thickness
of the solid layer at the bottom of the specimens is also
dependent on temperature and is almost one fourth of the
total thickness of the specimens fabricated at 250 °C and
260 °C.

3.2.2 Minimum cross-sectional area measurement

The air gaps between transverse extruded filaments or the
minimum cross-sectional areas perpendicular to tensile load
direction were measured using VGStudio Max 3 at ROIs for
specimens in each fabrication temperature. The volume of
material based on voxel count in a box with specific unit
length was measured for each specimen at three locations
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Fig.5 Bond quality of transverse filaments for specimens fabricated at
a 180 °C to i 260 °C respectively (top XY plane and bottom YZ plane)

where minimum cross-sectional area occurred. By dividing
the measured volumes by the thickness of the measuring
boxes, the average of minimum cross-sectional area at the
regions with the largest air gap volume was obtained for
each specimen. Figure 6 illustrates the measuring boxes
and their placement at the biggest air gap regions for the
specimen fabricated at 190 °C. Figure 7 shows the average
of minimum cross-sectional areas in square millimeters
for various specimens calculated from CT data. As it can
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36

34

32

30

28

26

24

Minimum cross-sectional area (mm?)

22

20
170 190 210 230 250 270

Fabrication temperature °C

Fig. 7 Average of minimum cross-sectional areas at ROI for the
specimens fabricated at different temperatures

be seen in Fig. 7, the minimum cross-sectional areas are
influenced by fabrication temperature. While the obtained
values for the specimens fabricated at 180 and 190 °C
were less than 25 mm?2, the specimens fabricated between
200 and 230 °C achieved minimum cross-sectional areas
between 27.17 and 30.28 mm? respectively. The obtained
values for the specimens with fabrication temperatures of
250 and 260 °C were nearly the same around 35 mm? which
is 87.5 % of the nominal cross-sectional area.

3.2.3 Porosity analysis

The porosity values obtained from Eq. 1 using CT data
showed a significant difference for the specimens. As it
is illustrated in Fig. 8, the porosity values are influenced
by fabrication temperature. As the fabrication temperature
increases from 180 to 260 °C, the porosity content decreases
by six times. The porosity content for the specimens
fabricated at 180 °C and 190 °C is considerably higher
in comparison to that of the rest of the specimens. Those
fabricated between 200 and 230 °C had the porosity content
between 5 and 7 % while those fabricated at 240 °C and
higher had less than 3 % porosity. The porosity content did
not change significantly in specimens fabricated at 240 °C
and higher and it was nearly the same for the specimens
fabricated at 250 and 260 °C. In the fabrication temperatures
between 210 and 250 °C, the porosity changes linearly
with temperature change and it can be obtained using
the following empirical formula: Porosity(%) = —0.13-
fabrication temperature (°C) + 35.
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Fig.6 Porosity in ROI for the specimen fabricated at 190 °C and the three aligned measuring boxes

3.3 Mechanical strength evaluation

All the specimens were subjected to a uniaxial tensile load.
The results showed that the mechanical properties of PLA
specimens are dependent on fabrication temperature. The
specimens fabricated at lower temperatures had a higher
percentage of elongation and lower yield stress. On the
contrary, those fabricated at higher temperatures showed
higher yield stress and lower strain at break. In addition,
different Young’s modulus values were obtained for the
specimens fabricated at different temperatures. Table 1
shows the average of tensile strength, Young’s modulus, and
strain at break for the specimens.

As it is presented in Table 1, the tensile strength
has a linear relation to the fabrication temperature.
Higher fabrication temperature resulted in higher uniaxial
tensile strength. The specimen printed at 190 °C did not
follow the linear pattern which can be referred to its
lower measured minimum cross-sectional area. Different
percentage elongation values were obtained depending

14

12

Porosity (%)

170 180 190 200 210 220 230 240 250 260 270

Fabrication temperature (°C)

Fig.8 Porosity content for different fabrication temperatures

on fabrication temperature. In general, increasing the
fabrication temperature resulted in lower strain at break;
however, specimens printed at 180 and 190 °C did not
follow the linear transition which was observed for the
specimens fabricated between 200 and 260 °C.

The tensile strength values were recalculated in order
to account for the internal geometry of the specimens in
relation to their strength. Therefore, the tensile strength
values were divided by the corresponding material content
value which resulted in the specific strength of each
specimen based on its porosity. The material contents of
each specimen were obtained from their corresponding
porosity content. The result of such recalculation is
presented in Fig. 9. Normalizing the strength values
obtained from the tensile test by their material content
for each fabrication temperature resulted in higher specific
strength values. The resulted values which are an indication
of the strength based on the porosity content have also a
linear correlation to the fabrication temperature and follow
the same trend as the strength values obtained directly
from the tensile test. It should be considered that such a
normalization had a bigger impact on the values obtained
from lower temperature rather than those obtained from
higher temperatures. The tensile strength value for the
specimens fabricated at 180 and 190 °C had an average
increase of 14 and 13.65 % respectively, while the increase
for the specimen fabricated at 250 and 260 °C was only 2.23
and 2.15 % respectively.

The obtained strength values were also normalized
based on the corresponding minimum cross-sectional area
obtained from CT. The obtained minimum cross-sectional
values from CT were divided by the nominal cross-sectional
area of 40 mm? which was the input value of tensile
testing resulting in the corrected area for each fabrication
temperature. The tensile strength obtained from the tensile
test was divided by corrected area values as are shown in
Fig. 9. The resulted specific strength falls within a specific
range for all the specimens which as it was expected was
close to the tensile strength of bulk material which was
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Table 1 Uniaxial tensile test

results Fabrication temperature °C ~ Tensile strength (MPa)  Young’s modulus (GPa)  Strain at break (%)
180 2577 +0.5 225£0.0 3.06 £ 0.0
190 2429 £0.7 221+£0.1 3.07+£05
200 2993 +£1.7 2.75£0.1 356+ 04
210 3174+ 1.0 2.77£0.1 323+ 1.1
220 33.49 +£0.7 2.95£0.1 293+£03
230 3415+1.3 2.81£0.1 2.89+04
240 34.69 £ 04 2.86 £ 0.0 240+ 04
250 37.38+£0.4 293 £0.1 2.33+£0.1
260 37.79 £2.0 3.05£0.1 220+£0.1

pulled separately (45.59 MPa). The deviation in the obtained
result can be referred to the fact that the minimum cross-
sectional areas of fractured areas are not necessarily the
same as the in-plane measured areas from CT.

Figure 10 displays the median force-displacement curve
of specimens fabricated at 180, 220, and 260 °C. It can
be observed that the specimen fabricated at 260 °C has
higher tensile strength while it resulted in more brittle
behavior compared to the specimens fabricated at 220 and
180 °C. The specimens fabricated at 180 °C showed more
ductile behavior and relatively more elongation at break
compared to those fabricated at 260 °C. Considering the
obtained curves, it is also clear that for the same amount
of force especially below 1 kN or basically in the elastic
region, almost same displacement values for the specimens
fabricated at 220 and 260 °C were obtained. It can be
concluded that different failure mechanisms have taken
place for different specimens which can be referred to the
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Fig.9 Specific strength values calculated based on CT results
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porosity content and the difference in the internal geometry
of the specimens.

3.4 General remarks

Considering the CT investigations, the longitudinal
extruded filaments in the specimens fabricated at tem-
peratures higher than 230 °C had a larger bond area to
their adjacent extruded filaments resulting in considerably
smaller air gap compared to the specimens printed at 220
°C and below. The transverse filaments followed the same
pattern with more severe lack of bond for the specimens
printed at 220 °C and below. In addition, all the specimens
even those fabricated at higher temperatures had inhomo-
geneous internal structure meaning that the porosity or
local density for each specimen varied at different regions
especially at side walls and bottom compared to center of
the specimens.

Force (kN)

0 0.5 1 1.5 2 2.5

Displacement (mm)

—4—180°C —0—220°C —8—260°C

Fig. 10 Force-displacement curves of specimens printed at 180, 220,
and 260 °C



Int J Adv Manuf Technol (2019) 100:287-296

295

The bottom of all specimens, consisting the initial
deposited layers, had the least porosity. This can be referred
to the build plate preheat which contributes to better fusion
for all extruded filaments regardless of their directions. The
contour extruded filaments making the side walls which
consisted of only longitudinal extruded filament deposited
on top of each other and the bottom solid layer resulted in a
highly dense U-shaped geometry at the gauge length of all
specimens. This U-shaped geometry was relatively bigger
for specimens fabricated at 220 °C and higher, especially for
250 °C and 260 °C. Apart from the thick solid bottom layer,
the wall regions were also bigger since the turns from trans-
verse filaments fusing to contour filaments were also con-
tributing to them. It is assumed that this part of specimens
had an influential contribution to their tensile strength.

Due to inconsistent deposition, the transverse filaments
in the specimens fabricated at lower temperatures were
fused together neither at turns nor at the center. Therefore,
the transverse layers in those specimens are assumed to
act mainly as a connecting layer between the surrounding
longitudinal filaments and have less contribution to the
uniaxial strength. The quality of fusion between turns with
their adjacent turns as well as the turns with the contour
filaments also was poor compared to those in the specimens
fabricated at higher temperatures. The effect of bond quality
at turns on the mechanical strength of FDM parts has been
observed by Koch et al. [13]. The lack of fusion at turns
caused that the longitudinal layers carry the load along the
filaments while the transverse layers to act more like a
spring. Figure 11 schematically shows the effect of fusion
at turns on the elongation of different specimens. This
phenomenon explains the higher percentage elongation and
consequently lower Young’s modulus for the specimens
fabricated at the lower temperatures compared to those
fabricated at higher temperatures which behaved more
similar to a solid part achieving nearly the same percentage
elongation at break of the bulk material. It was clear that
width of extruded filaments at the center of the specimens

was highly dependent on fabrication temperature. The width
of extruded filaments deposited at higher temperatures
was significantly bigger compared to those deposited at
lower temperatures. Measurement of extruded filament
width for various specimens was not repeatable since
it was highly dependent on the cross-section at which
the measurement was performed. Therefore, the porosity
measurement and local minimum cross-sectional area were
performed instead. Both the porosity and minimum cross-
sectional area analyses confirmed lack of bond between
extruded filaments at lower fabrication temperatures.

The porosity content is not necessarily the only
influential factor on mechanical properties of PLA parts.
The structure and orientation of porosity or air gaps with
respect to the load play an important role. This means
that the same amount of porosity content in the transverse
direction can be much more critical than in the longitudinal
direction in case of the longitudinal load. As it was shown,
the air gaps in the transverse direction and their size
showed to be the main factor for failure of investigated
specimens. This basically made the quality of deposition
in the transverse direction an important parameter in
strength of parts. It can be concluded that by changing the
fabrication temperature which eventually affects the quality
of deposition in either transverse or longitudinal direction, it
is possible to alter the mechanical properties of FDM parts
in the desired direction.

Based on the CT results, the internal geometry of spec-
imens was not homogenous due to inadequate deposition
rate. Changing the nozzle travel speed selectively at var-
ious regions in accordance to fabrication temperature can
be a solution for compensating the lack of deposition rate.
This is especially more important during deposition at the
turns where the tool path switches direction. By alternating
FDM parameters with help of open-source slicing programs,
it is possible to optimize the mechanical behavior of FDM
for example parts with controlled anisotropic mechanical
properties.

d

Fig. 11 Schematic illustration of effect of turns in transverse layer. a Unloaded, specimen fabricated at high temperature. b Unloaded, specimen
fabricated at low temperature. ¢ Loaded, specimen fabricated at high temperature. d Loaded, specimen fabricated at low temperature
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4 Conclusion

In this study, effects of temperature dependency on mecha-
nical properties of PLA specimens fabricated using FDM
have been investigated. CT as a non-destructive inspection
tool has been used in order to study the effect of fabrication
temperature on internal geometry of the specimens, espe-
cially on air gap measurement and the bond between depo-
sited extruded filaments. Finally, uniaxial tensile testing was
performed on all the specimens in order to evaluate the ten-
sile strength of parts fabricated at different temperatures.
The result has shown that for the parts fabricated at lower tem-
peratures, the resulting air gaps between transverse extruded
filaments are relatively big resulting in much smaller load-
bearing cross-sectional area under uniaxial tensile load
which consequently decreases the strength of the parts.

Using CT, it was shown that the local density varies
throughout the parts regardless of fabrication temperature.
This means that FDM parts, even those printed at recom-
mended temperature range with 100 % infill, do not achieve
homogenous internal structure. Since the porosity is not
distributed homogenously throughout the FDM parts, it is
not the only parameter for assessing the strength of FDM
parts; however, internal geometry features such as minimum
cross-sectional area obtained from CT give better informa-
tion for evaluating the expected strength of FDM parts.

The results of this study show the importance of the
application of CT as an inspection tool for development of
FDM process. Using CT, it is possible to non-destructively
study the internal structure of a part and use such
information in order to achieve an optimum in-layer bond
between filaments by minimizing the air gaps in the desired
direction.
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