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Abstract

This experimental study investigates the effect of filling pattern on tensile and flexural strength and modulus of the parts printed
via fused deposition modeling (FDM), 3D printer. The main downside of the printed products, with an FDM 3D printer, is the low
strength compared to the conventional processes such as injection molding and machining. The issue stems from the low strength
of thermoplastic materials and the weak bonding between deposited rasters and layers. Selection of proper filling pattern and infill
percentage could highly influence the final mechanical properties of the printed products that were experimentally explored in
this research work. Concentric, rectilinear, hilbert curve, and honeycomb patterns and filling percentage of 20, 50 and 100 were
the variable parameters to print the parts. The results indicate that concentric pattern yields the most desirable tensile and flexural
tensile properties, at all filling percentages, apparently due to the alignment of deposited rasters with the loading direction. Hilbert
curve pattern also yielded a dramatic increase in the properties, at 100% filling. The dramatic increase could be mainly attributed
to the promotion of strong bonding between the rasters and layers, caused by maintaining a high temperature of rasters at short
travelling distances of nozzle for the hilbert curve pattern. Scanning electron microscopy (SEM) examination revealed the strong
bonding between rasters and sound microstructures (less flaws and voids) for concentric and hilbert curve pattern at a high filling
percentage of 100. Besides, SEM examination revealed large voids in honeycomb pattern, deemed to be responsible for its lower
strength and modulus, especially at the filling percentage of 100.
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Introduction

In the recent decade, remarkable progresses have been ob-
served in additive manufacturing (AM) processes, in various
aspects including materials, equipment, and processes. In AM,
the printed product consists of the layers that are bonded to-
gether to form the final part[1, 2]. Among AM processes, FDM
has become attractive to industry and public due to its simplic-
ity and low-cost. While, it is mainly employed for manufactur-
ing, rapid prototyping and rapid tooling [3], the use of FDM in
different fields such as medical and dentistry [4—6], consumer
products [7] and food industry [8] has been found promising.
Due to the nature of forming layer-by- layer, that is the main
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feature of an AM process, the strength of the products printed
by FDM method is lower compared to the conventional pro-
cesses such as machining and injection molding [9]. The
printed part in FDM 3D printer is, in essence, an orthotropic
material where the properties in raster direction are deemed to
be different from that of transverse direction. The complexity is
added by considering the partial bonding between rasters and
layers, and the existence of the voids that are created in the
region of bonding between rasters and layers [10]. Therefore,
each printed part is made of layers, and each layer is made of
rasters. The two key factors that govern mechanical properties
of the parts produced via FDM are: 1) quality of bonds between
rasters and layers, and 2) content of voids (size and population).
In other words, by improving the quality of the bonds between
rasters and layers [11], and by reducing the quantity and sizes
of the voids, mechanical properties would experience signifi-
cant improvements. The quality of bonds and the characteris-
tics of voids are the functions of FDM parameters. These pa-
rameters include nozzle temperature, envelope temperature,
layer height, nozzle diameter, extrusion width, air gap, build
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direction, print orientation, raster orientation, raster angle, fill-
ing pattern, and filling percentage. All of these parameters af-
fect the quality of bonding between layers and rasters and de-
termine the quantity of voids in the final product.

Numerous researches have been conducted to investigate the
effect of process parameters on the strength of printed parts
using FDM process. Ahn et al. [12] studied the tensile strength
of printed ABS parts. They investigated the effects of raster
orientation, air gap, raster width, color, and nozzle temperature
parameters. By negative air gap and raster angle of 0°, the
obtained tensile strength increased up to72% of the tensile
strength yielded with an injection molded part. Panda et al.
[13] simulated FDM process parameters and their effects on
tensile, flexural, and impact strengths. They applied bacterial
foraging technique and studied the effects of layer height, part
orientation, raster angle, bead width, and air gap parameters in
different levels. They stated that thick rasters results in a high
temperature near the bonding surfaces which may improve the
diffusion and may result in strong bond formation. Rayegani
and Onwubola [14] worked on modeling, predicting, and opti-
mization of FDM process parameters by deploying the group
method for data handling (GMDH) and differential evolution
(DE). The most important factor affecting the strength was the
air gap, so that, by negative air gap, the highest tensile strength
was resulted. Tymrak et al. [15] investigated the mechanical
properties of printed parts made of ABS and PLA. The variable
parameters were 0/90° and +45/-45 filling patterns, 0.2, 03,
and 0.4 mm layer heights, for 100% filling percentage. For
ABS, the maximum strength of 25.5 MPa was obtained as with
0.2 mm layer height and + 45/—45 filling pattern and for PLA,
the maximum strength was 56.6 MPa in 0.2 mm layer height
and 0/90 filling pattern. Malenka et al. [16] studied the tensile
properties of the printed PLA parts. Results showed that the
tensile strength and modulus in 90° orientation was higher com-
pared to those of 45° orientation. By increasing filling percent-
age from 10% to 80% the tensile strength and modulus in-
creased. Moreover by increasing the layer height from
0.1 mm to 0.25 mm, the tensile strength and modulus de-
creased. Torres et al. [17] studied the effects of layer height,
filling percentage, and heat treatment time at 100°C, on shear
strength of the printed PLA parts. Improvement in shear
strength was resulted by reducing the layer height, increasing
the filling percentage and the duration of heat treatment. Baich
et al. [18] studied the effects of filling patterns on strength and
cost of the printed parts. They investigated the effects of filling
patterns including low, high, double dense, and solid. The max-
imum tensile, compressive and flexural strengths and modulus
were resulted in the solid samples. Fernandez-Vicente et al. [19]
studied the effects of filling patterns and the filling percentage
on tensile strength of printed ABS parts. The maximum tensile
strength was obtained around 36.6 MPa in rectilinear pattern
and 100% filling percentage. Dawoud et al. [20] studied the
mechanical properties of printed parts by varying the
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parameters including air gap and raster angle. By negative air
gap, the bulk density of the printed parts became more similar
to those of injected parts, thus, an increase in strength was
resulted. Wang et al. [21] added micro-spheres that could ex-
pand by the applied heat to the polymer in order to eliminate the
voids in the printed part, that could improve the mechanical
properties. By using 2 wt% of the microspheres and the heat
treatment at 140°C for 120 s, not only the voids reduced, but
also tensile and compressive strength increased by 25.4% and
52.2%, respectively. Mohemad et al. [22], employed the blend
of PC and ABS, in order to utilize the advantages of both
materials in terms of properties and process. They studied the
effects of layer height, air gap, raster angle, part orientation,
bead width, and number of perimeters on time dependent me-
chanical properties. The amount of creep reduced by reducing
layer height, air gap, and raster angle and increased by increas-
ing the part orientation, bead width and number of perimeters.
The literature survey indicated that, while a large spectrum
of filling patterns have been introduced, no comprehensive
comparison has been reported. The main purpose of this re-
search work was to extensively study the effect of filing pat-
tern on mechanical properties of FDM printed parts. Selection
of an appropriate filling pattern, due to the existence of many
suggested ones, is an important step in sound production of
parts in the relevant 3D printer (FDM, SLA, SLM, for in-
stance). Therefore, it remains uncertain what strategy to apply
to serve the purpose. On the other hand, mechanical-wise, the
3D printed parts, especially FDM parts, suffer from weaker
strengths and stiffness, in comparison to the plastic injected
molded counterparts. Therefore, one ultimate purpose is to
achieve higher strength and stiffness in the final FDM prod-
ucts. The argument above results in a need to obtain the proper
filling pattern(s), among the existing filling strategies, that is
superior for achieving higher mechanical properties. The au-
thors continued to investigate this issue and explored the fun-
damental(s) of the differences, by considering the impact on
thermal history and size of the voids. Also, the correlation
between mechanical properties and the microstructures of
the printed parts was explored, in order to present an extensive
experimental study from a mechanical point of view.

Deposition Scheme in FDM Process

In FDM process, filament shaped thermoplastic materials are
heated up to a temperature at which the material can be extrud-
ed through a nozzle. Extruded materials, called rasters, are de-
posited next to each other to create a layer [9]. The final product
is the result of many layers bonded together. The printed prod-
ucts via FDM process is an orthotropic material characterized
by partial bonding between the rasters, partial bonding between
the layers, and presence of voids [10]. These voids are created
between rasters and layers, most often inevitably (Fig. 1).
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Fig. 1 A schematic of FDM deposition: Rasters, layers, voids, and partial
bonding

The main parameters in FDM process include nozzle tem-
perature, envelope temperature, layer height, nozzle diameter,
extrusion width, air gap, build direction, part or rater orienta-
tion, raster angle, filling pattern, and filling percentage. All of
these parameters could affect the strength by affecting thermal
history and size of voids.

Temperature Since the bonding between the rasters and layers
are promoted by thermal energy of semi-molten materials,
thermal history of the polymeric raster plays a pivotal role in
quality of bonding [10]. Conduction is the dominant heat
transfer mechanism between the layers and rasters, and be-
tween bed and the first layer. In addition, rasters and layers
are exposed to the ambient, and thus, experience convection
mode of heat transfer (Fig. 2). When the heat transfer to the
ambient is insignificant, and the table and nozzle temperatures
are sufficiently high, the bonding between rasters and layers is
expected to be stronger. This would lead to an increase in
mechanical properties of final printed product. Post-heat treat-
ment could be also followed to strengthen the thermal bonding
between the rasters and layers [17].

Layer Height and Extrusion Width If the layer height is select-
ed the same as the nozzle diameter, the cross sections of the
rasters remain circular, and the voids in the final product will
be larger (Fig. 1). In order to reduce the size of voids, the layer

%
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Fig. 2 A schematic of heat transfer mechanisms in deposition stage:
conduction between rasters and layers and bed, and convection between
rasters and ambient

height can be varied as a key printing parameter; the lower the
layer height, the smaller the void size. The compromise is that
by reducing the layer height, the printing time increases.
When the layer height is less than the nozzle diameter, the
cross section of the raster deforms to a rectangular shape with
round corners [9]. In this case, the rectangle width and height
are called “extrusion width” and “layer height”, respectively
(Fig. 3(a)). The appropriate extrusion width is adjusted be-
tween the inner and outer diameter of nozzle. Inner feature is
the orifice and the outer feature is the flat end of the nozzle
(Fig. 3(b)). With an increase in extrusion width, the radius at
the corners increases and, consequently, the size of voids in-
creases. “Negative air gap” is a term that designates a method
of void elimination promoted by overlapping the rasters, as
demonstrated in Fig. 3(e, f). In reality, decrease of the layer
height leads to a reduction of voids size.

Filling Percentage This parameter determines the interior solid-
ity of the model. In principle, the outer layers of the part (shell)
is printed solid and the inner sections are decided to printed
partially filled, depending on the application; a fully solid print-
ing will yield a stronger part in expense of material usage and
printing time. Amount of infill is crucial in reducing material
usage and total cost. Figure 4 illustrates the schematic of the
produced parts with 0, 25, 50, 75, and 100 filling percentages.

Fill Pattern This parameter represents the way that deposition
procedure is carried out. It is possible to carry different filling
patterns such as line, rectilinear, grid, triangle, star, cubic,
concentric, honeycomb, 3D honeycomb, hilbert curve,
Archimedean chords, and octagram spiral. Figure 5 describes
these known patterns and their arrangements in each layer.
The filing pattern affects the strength by arranging rasters in
a way that influences heat transfer. The consequence is that the
bonding between rasters and layers will be affected. The fill-
ing pattern also determines the raster orientation.

The mechanical strength of the final printed product can be
justified by considering the raster orientation and thermal his-
tory, assuming all other conditions are unchanged. As men-
tioned earlier, the maximum strength is achieved when the ras-
ters and loading are in the same direction. If the rasters direction
is considered as the main contributor to the strength, the “line
filling pattern” is expected to yield the highest tensile strength,
as manifested in a unidirectional tensile test. If the length of the
printed part is larger than its width it can be expressed that the
concentric pattern partially provides the same feature. On the
other hand, if thermal history is considered as the key factor for
the strength, the printing pattern with the shortest deposition
distance, at the layers, would yield the highest strength. As
explained earlier, this is due to the higher heat transfer between
rasters that, consequently, promotes the fusion of molecules at
the contact zones, and thus, strengthening the bonds between
the rasters. With this hypothesis, hilbert curve would provide a
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Fig. 3 The concept of layer height, extrusion width, inner and outer diameter of nozzle, and air gap for small layer height

higher strength because the deposition path in this pattern is the
shortest, provided that the rasters are in contacts with each
other’s (meaning that this could be well manifested at a higher
fill percentage, specifically 100%). In order to better understand
the effect of filling pattern on thermal history and as a result of
the bonding quality and mechanical properties, the temperature
variations in fused deposition modeling process is discussed in
detail in the next section.

Heat Transfer in Fused Deposition Modeling
Process

If assumed that a raster with a fixed length is deposited on the
table or the previous layer; so in order to calculate the temper-
ature in different points of the raster one element can be con-
sidered and perform a thermal analysis on it. A simplified
model of the temperature distribution in the deposited filament

Fig. 4 Schematics of different filling percentage 0, 25, 50, 75, and 100%

SEM

has been addressed by Bellehumeur et al. [10]. Suppose that
an element is considered as shown in Fig. 6. If assumed the
cross-section of the deposited raster and the element is a rect-
angle, neglecting the rounded corners of the deposited raster
will have no effect on the cross-sectional size and the analysis.

Assumed that the origin of the coordinate is in the nozzle
output and heat transfer of raster is one-dimensional and in the
x-axis direction. Also, the temperature at the starting point of
the process is known and measurable after a certain amount of
mileage. As is clear, the length of the element is dx, the width
of the element is equal to the extrusion width (w) and the
thickness of the element is equal to the layer height (/). If it
is assumed that the heat transfer from the bottom of the ele-
ment to the table or the previous layer equals the heat transfer
of the surrounding environment, it can be written according to
the energy balance for the element [23]:

qx_qx+dx_hConvAConv(T_Too) = pCV(ﬁT/at) (l)

In this equation, g, is the input conduction heat transfer to
the element, g, , 4 is the output conduction heat transfer from
the element, A, is the convection heat transfer coefficient,
Acony 18 the sections in contact with the air of the environment,
T is the temperature at each point, 7, is the environment
temperature, p is the density, C is the specific heat capacity,
V is the volume of the element and 07/0¢ is the temperature
change per time. On the other hand it is clear [23]:

qx = —kA(OT /0x) (2)
Gyvae = ~RA(OT /0x) + (O(—KA(OT /0x)) / Ox)dx (3)

In these equations £ is the thermal conductivity coefficient,
Acona 18 the cross-section of the element and 07/0x is the
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Fig. 5 Different conﬁgurations of Fill Pattern first mode second mode third mode Fill Pattern first mode second mode third mode
filling pattern
Line Concentric
Rectilinear Honeycomb
. 4 | 3D
Grid Honeycomb
Triangle Hilbert curve
Archimedean
Star Chords
. Octagram
Cubic spiral

temperature variation relative to location. Of course it is as-
sumed that 'k is not a function of the temperature and it is
unchanging. By inserting equations. (2) and (3) in equation
(1) and simplifying:

Jwh (67T 0*x)~hcom (2h + 2w)(T—T.) = pCwh(0T /0t) (4)

Since in the fused deposition modeling, the nozzle velocity
is constant and equals v then [10]:

oT /ot = (9T Jox) (ox/ot) = v(OT Jox) (5)

Fig. 6 The considered element
for thermal analysis

Finally, equation (4) after simplification equals:
&*T/d*x—a(dT |dx)~b(T-T.) = 0 (6)
In this equation:

a=pCv/k
b= (p2hc/onv(h +w))/lowh (7)

If the temperature atx = 0 is equal to the nozzle temperature
and at a specified distance from the nozzle is known, the
answer of equation (6) is equals to:

Convection
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r() = (TNme)e(X/Z) (a—, /a2+4b> o -

Using the values in Table 1, the answer of equation is equal
to:

T(x) = 193¢ 19% 1 27 (9)

In Fig. 7(a), the temperature variations in deposited
raster based on the motion of the nozzle is shown. As
shown in Fig. 7(a), as nozzle moves away the temperature
of raster decreases. Therefore, regarding filling pattern
such as the line and concentric patterns (Fig. 7(b)), due
to the temperature decrease, the bonding between the ras-
ters is weak. In a pattern such as the hilbert curve, in
which the nozzle runs very short distances (Fig. 7(c)),
the bonding between the rasters is strong since there is
no great temperature drop, and at movement distances this
pattern is less than 5 degrees.

Design of Experiment

The selected filling patterns, as the main parameter of study in
this research work, were concentric, rectilinear with the raster
angles of +45, hilbert curve, and honeycomb (Fig. 8). The rea-
son for selecting these filling patterns is that they can be well
examined for the rasters orientation and the bonding between
them. In the concentric filling pattern, all rasters are placed
along with the load. This pattern is similar to the line pattern,
but since the print path is concentric, the amount of distortion
obtained in this pattern is less and more uniform than the line
pattern. The rectilinear pattern with +45/— 45 raster angles is
selected due to the fact that the layers are printed perpendicu-
larly and they can fill the blank spaces created on the edges of
the rasters and provide a higher strength than the 0/90 raster
angles. In addition, patterns like grid, Triangle, star, and cubic in
filling percentage of 100, have a rectilinear pattern with +45/—
45 raster angles. Honeycomb filling pattern has also been used
in the construction of various structures and has therefore been

Table 1 The values used 0
to solve equation (8) Ty= 229 C

T,=27C

v=0.04 m/s

p=1250 Kg/m’
heom =75 wim*C [10]
C=2060 j/Kg C [24]
k=0.195 w/im'C [24]
h=0.2 mm

w=0.4 mm

Traveling Direction

—

250

200 -

150 A

100 A

Temperature (0oC)

50 4

0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Distance From Nozzle (mm)

b C
e
> Very short print path

Long print path

Fig. 7 (a) Diagram showing the effect of travel distance of nozzle on
temperature of the deposited raster (b) concentric pattern; nozzle travels
in a long distance before depositing the next raster. (¢) hilbert curve
pattern; nozzle travels in a very short distance before depositing the
next raster

investigated. In hilbert curve filling pattern, since the nozzle
performs a print operation at smaller distances than other pat-
terns, the bonding between the rasters is therefore stronger than
other patterns. The filling percentage of 20, 50, and 100 were
also considered as variable parameter. These two parameters
indirectly responsible for rasters orientation and void presence,
the effects of which were discussed earlier. The other process-
ing parameters were maintained unchanged (Table 2). Tensile
and flexural test samples were printed according to ASTM
D638, type IV, and ASTM D790, respectively, to measure ten-
sile and flexural strength/modulus. For each data point, five
samples were printed to yield confident data.

Material and Equipment

Poly-lactic Acid (PLA) filament of 1.75 mm in diameter, pur-
chased from Digimaker, Canada, was used as the polymeric
feedstock material for printing. A laboratory FDM 3D printer
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Fig.8 Schematic of selected filling patterns with 100% fill percentage: concentric, rectilinear with the raster angles of +45, hilbert curve, and honeycomb

with bed dimensions of 195x195x200 mm was employed. The
bed temperature was set below100°C to compensate the lower
heat transfer rate between the bed and the first layer, and be-
tween the following consecutive layers, this would promote the
mass fusion at the contact surfaces that could strengthen the
thermal bonding. Nozzle temperature was set at 220 C, as this
could cause a drop in polymer viscosity, and lead to filling of
voids throughout the polymeric matrix. Moreover, at this high
initial temperature of rasters, a stronger bonding would be pro-
moted. A universal tensile test machine (Santam STM-20, Iran)
was used to measure tensile and flexural mechanical properties.
Scanning electron microscopy was carried using an SEM
(Prox-phenom, Netherlands), to examine the fractured surfaces
of the printed samples after tensile and three point flexural tests,
in terms of void presence and the bonding quality.

Results and Discussions

Tensile and flexural mechanical properties: Examples of
stress—strain diagrams resulted from tensile tests are shown
in Fig. 9, for filling percentages of 20, 50 and 100 and the

examined filling patterns.

Table 2 Printing parameters

Parameter Value

Nozzle diameter 0.4 mm

Air gap —0.05 mm
Extrusion (bead) width 0.4 mm

Layer height 0.2 mm

Build direction XYZ

Fill percentage 20, 50 and 100%
Print speed 40 mmls
Infill/Perimeter Overlap 40%

Perimeter 2

The average and standard deviation values of the tensile
strength for all the samples are presented in Fig. 10, vs. filling
pattern and percentages.

Figure 10(a) indicates that concentric pattern promotes
higher averaged tensile strengths at all filling percentages
compared to the other examined filling patterns.
Figure 10(b) depicts the same results of tensile strength vs.
filling percentage. While at the filling percentages of 20 and
50, concentric pattern exhibits the highest strength, rectilinear
and honeycomb patterns present almost similar strengths but
both less than that of concentric one. Hilbert curve pattern
offers the least strength at these filling percentages. With an
increase in the filling percentage, tensile strength increases
for all the examined filling patterns. The obvious reason is
the increase in the polymer material content that can support
further load. Surprisingly, at the filling percentage of 100,
hilbert curve pattern presents a strength equivalent to that of
the concentric pattern; though in this (Hilbert) pattern, the
rasters are not aligned with the loading direction. This unique
increase can be attributed to the strengthened bonding be-
tween the rasters, at the filling percentage of 100. It may be
surmised that, with the filling percentages of 20 and 50, the
rasters direction and the bonding between the layers are the
determining factors for the final strength. But, with the filling
percentage of 100, the bonding between rasters also comes
into playing an important role in the final mechanical prop-
erties. In the hilbert pattern, since the nozzle travels mostly in
short distances, before changing direction, the deposited ras-
ter experience much less temperature drop before coming into
contact with the next adjacent deposited raster; referring to
Fig. 7(c), at short travelling distance of nozzle, the raster
temperature maintains high and a less temperature drop is
experienced. As a result, the bonding between the adjacent
rasters is stronger as the fusion at the raster surfaces is highly
promoted. In this filling pattern, and with filling percentages
of 20 and 50, the rasters are not aligned with the loading
direction, and that is reason for showing the lowest strength
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Fig. 9 Stress-strain diagrams obtained from the tensile test for samples with a fill percentage of (a) 20, (b) 50 and (c) 100%

among the other examined patterns. With the filling percent-
age of 100, a dense part is formed with strong bondings
between the rasters and the layers (Fig. 11).

Conversely for honeycomb pattern, the increase in strength
with the filling percentage of 100 is not comparable with those
of other examined patterns (less increase). The reason is that
even with the (nominal) set filling percentage of 100, rasters
are not adhered in myriad of locations and thus a complete
bonding between the rasters is not promoted in the honey-
comb pattern due to the nature of nozzle movement and raster
deposition (Fig. 12).

020%

B50% B100%
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Filling Pattern

At the filling percentage of 100, the highest strength be-
longs to concentric and hilbert curve patterns, that are 62 MPa
and 61 MPa, respectively.

Figure 13(a) shows tensile modulus for the examined fill-
ing patterns at the filling percentages of 20, 50 and 100. As
shown in this figure, in every pattern, modulus increases as the
filling percentage increases. Figure 13(b) depicts the same
results vs. filling percentage. Similar to the results for the
strength, the highest modulus is obtained when concentric
filling pattern is employed, at all filling percentages. By
adding that, an exceptional increase in modulus is experienced
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Fig. 10 Tensile strengths of the printed specimens vs. (a) filling pattern and (b) filling percentage
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Fig. 11 Hilbert curve filling pattern in the filling percentage of (a) 20, (b) 50 and (c) 100

with the hilbert curve pattern, at the filling percentage of 100.
Similar above-mentioned reasons can be presented to justify
this unique increase (strong bonding of the rasters due to the
short nozzle traveling distances). As it can be seen, the max-
imum amounts of modulus for the filling percentage of 100
belong to the concentric pattern and hilbert curve, that are
3.48 GPa and 3.36 GPa, respectively. The assumed dominant
effect of raster alignment with the loading direction is evident
at the filling percentage of 20, as concentric pattern offers the
highest modulus in the filling percentage of 50, all the patterns
present an almost similar tensile modulus, but the hilbert curve
pattern presents the lowest. The reason is that in this pattern
and at this filling percentage, the rasters are deposited in a way
that they do not present an efficient resistance against the
applied load. At the filling percentage of 100, the amount of
tensile modulus are almost the same; but for the concentric
pattern due to the alignment of the rasters and the loading
direction and for the hilbert curve pattern due to the strong
bonding between the layers and rasters, the tensile modulus
the highest.

For better understanding the effect of filling percentage on
strength and tensile modulus, specific tensile strength and
modulus were calculated and depicted in Fig. 14, for the ex-
amined filling patterns and percentages. As observed in the
figure, the highest specific tensile strength values, at the filling

Bonding
locations

percentages of 20 and 50, belong to the concentric pattern, and
at the filling percentage of 100 are associated with both con-
centric and hilbert curve patterns. Interesting to note that the
maximum specific tensile strength for concentric and honey-
comb patterns occurs at the filling percentage of 20, and for
the rectilinear and hilbert curves pattern occurs at the filling
percentage of 100. It is notable that at the filling percentage of
20, both concentric and honeycomb patterns exhibited higher
tensile strengths than those of the other two patterns
(Fig. 10(b)). Another considerable result is that at the filling
percentage of 100, the specific tensile strength is higher than
that at the filling percentage of 50, for all the examined pat-
terns except the honeycomb pattern. Honeycomb pattern is
more susceptible to create small voids in the matrix that could
yield a significant reduction in the specific tensile strength
(SEM micrographs support this argument and will be
discussed in the following section). The practical outcome of
the results is that concentric pattern is by far superior to the
other patters regardless of filling percentage. However, alter-
native selection could be rectilinear pattern at the low spec-
trum of filling percentages and hilbert curve at the high spec-
trum of filling percentages, when a high specific strength is the
major governing criterion. The specific tensile modulus be-
havior is similar to that of the specific tensile strength, as
evident in Fig. 14(c) and (d).

Voids

Fig. 12 Honeycomb filling pattern in filling percentage of 100; bonding between rasters and voids formation
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Fig. 13 Tensile modulus of the printed specimens vs. (a) filling pattern and (b) filling percentage

The stress—strain diagrams resulted from the three point flex-
ural test are shown in Fig. 15 for the examined filling patterns
and the filling percentages. The calculated averaged and stan-
dard deviations of flexural strength are depicted in Fig. 16.
Similar results to those of tensile strengths have been observed
for flexural strengths: concentric pattern exhibited the highest
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strength at all examined filling patterns, attributed to the rasters
alignment with the loading direction. A remarkable increase in
flexural strength is also observed for hilbert curve at the filling
percentage of 100 which is consistent with the results obtained
for the tensile strengths. As explained earlier, this could be
justified by the strong bonding between the adjacent deposited
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rasters, where a high temperature is maintained due to the short
travelling distances of the nozzle in hilbert curve pattern.

The flexural strength in the hilbert curve and concentric
patterns is about 102 MPa at the filling percentage of 100.
Figure 17 gives the results for flexural modulus against filling
patterns and percentages. It is notable that the increase in
flexural modulus for the hilbert curve pattern is dramatic, at
100% filling percentage, similar to that observed for the
strength that is even higher than those of the other examined
patterns; the maximum flexural modulus, 3.75 GPa, was ob-
tained with this pattern.
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The calculated values of specific flexural strength and mod-
ulus are shown in Fig. 18. The figure reveals that in the con-
centric filling pattern, the variation of the specific flexural
strength in terms of filling percentages is insignificant. With
regard to the rectilinear and honeycomb patterns, the specific
flexural strength increases linearly with increasing filling per-
centages. Concerning the hilbert curve pattern, at the filling
percentages of 20 and 50, the specific flexural strengths are
almost the same, but increases significantly at the filling per-
centage of 100; this particular and notable behavior was not
observed for the specific tensile strength. In addition, the
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Fig. 16 Flexural strengths of printed specimens vs. (a) filling pattern and (b) filling percentage
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Fig. 17 Flexural modulus of printed specimens vs. (a) filling pattern and (b) filling percentage

highest specific flexural strength values were obtained at the
filling percentage of 100; contrary to the results of specific
tensile strength where the highest values were observed at the
lowest filling percentage of 20. It can be concluded that, regard-
less of filling percentage, concentric pattern yields an optimum
flexural strength. As an alternative, at low spectrum of filling
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percentages (here, 20 and 50), rectilinear pattern yields the de-
sirable flexural strength-to-weight ratio (while hilbert curve is
the least desirable), while at the highest spectrum of filling
percentages, hilbert curve is the best alternative. The results of
the specific flexural modulus indicate that with increasing the
filling percentage, the specific flexural modulus decreases
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Fig. 18 Specific flexural strength of the printed specimens vs. (a) filling pattern and (b) filling percentage and Specific flexural modulus of the printed
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slightly, fairly similar to those of specific tensile strength; that
means the maximum values of the specific flexural modulus are
obtained at the lowest spectrum of filling percentages (here,
20). Furthermore, at the filling percentage of 100, hilbert curve
pattern provides the highest specific flexural modulus. In over-
all, it can be said that specific flexural (and also tensile) modu-
lus is less sensitive to the filling pattern and percentages. That is
because the modulus is measured at the elastic portion of the
stress-strain curve and is not affected by the voids and defects,
in contrast to the strength.

Morphology: the justification of the variations in mechan-
ical properties given above can be evaluated via examining the
SEM micrographs of the fractured surfaces. Figures 19 and 20
reveal the microstructures of the fractured samples of tensile
and flexural tests, respectively, with the filling percentage of
100.

As evident in Fig. 19, while voids are present in all
samples, but for concentric and hilbert curve filling pat-
terns, the number and sizes are minimized, indicating a

Concentric

Layer
bonding

RENTH
bonding

Hilbert Curve

Rasters
bonding

stronger and efficient bonds between the rasters. This leads
to a higher strength, as manifested in the results obtained
from the mechanical tests. It was shown earlier that con-
centric pattern exhibited the highest strengths, both tensile
and flexural. Also the micrograph associated with the hil-
bert curve (Fig. 19(c)) explains the remarkable increase in
tensile strength at the filling percentage of 100. It is evident
that the textures of the fracture surfaces are highly integrat-
ed. It is reasonable to assert that this could be mainly pos-
sible when the rasters are at a high temperature to promote
desirable fusion and, consequently, to yields an integrated
matrix. It is also evident that the voids are remarkably
larger for the honeycomb pattern and the bonding between
rasters is undesirable that explains the inferior mechanical
properties of the printed samples with this pattern, at the
filling percentage of 100 (Fig. 12).

Examples of SEM micrographs for the fractured surfaces of
flexural test specimens are shown in Fig. 20. Similar to the
tensile test specimens, concentric and hilbert curve pattern

Rectilinear

Large

voids

Honeycomb

Very large
voids

Fig. 19 SEM images of the fractured cross-section of tensile test specimens; (a) concentric pattern showing tiny voids, (b) rectilinear pattern showing
large voids, (c) hilbert curve showing a low number of tiny voids, and (d) honeycomb showing a large number of large voids

SEM
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Concentrie

Soundly bonding
between rasters and
layers

. Hilbert Curve

Soundly bonding
between rasters and

layers

Rectilinear

Fig. 20 SEM images of the fractured cross-section of flexural test specimens; (a) concentric pattern showing a low number of tiny voids, (b) rectilinear
pattern showing large number of voids, (¢) hilbert curve showing a highly integrated texture, and (d) honeycomb showing large voids

present the most desirable structures; though, the hilbert curve
indicates almost a flawless texture. The micrographs manifest
the strong bonding between rasters for concentric pattern and
especially for hilbert curve pattern at the filling percentage of
100 that sound entirely desirable. This explains the competi-
tiveness of hilbert curve with concentric pattern at the filling
percentage of 100, as evident in the results of flexural test. The
presence of large voids for the honeycomb pattern justifies the
inferior flexural properties of the printed samples with this
pattern with respect to the other examined patters, at the filling
percentage of 100 (Fig. 20(a)).

Conclusions

The experimental study presented in this paper contributes to
understanding the effect of filling pattern and percentage
(infill percentage) on the mechanical properties of 3D printed
parts in fused deposition modeling (FDM) method. The effect

SEM

of different filling patterns and the infill percentages on the
tensile and flexural strengths was investigated, with emphasis
on rasters orientation, rasters bonding, and void formation.
Concentric, hilbert curve, rectilinear, and honeycomb filling
patterns at filling percentages of 20, 50 and 100% were exam-
ined. Results obtained from this study conclude the
followings:

—  Concentric pattern resulted in the highest mechanical
properties (tensile and flexural strengths) that can be at-
tributed to the alignment of rasters with the loading
direction.

— Although, the higher filling percentages yielded the
higher values in both tensile and flexural strength and
modulus, this is not so obvious when taking the weight
into account. The results indicate that the specific tensile
and flexural modulus is the largest at the lowest filling
percentage (here, 20). The specific tensile strength is the
highest at this filling percentage except for hilbert curve.
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—  The printed specimens with the hilbert curve resulted in
inferior properties at the low filling percentages (here 20
and 50). However, a dramatic increase in the tensile and
flexural strengths was observed with the filling percent-
age of 100, makes it superior to the rectilinear and hon-
eycomb patterns and equivalent to the concentric pattern.

—  Honeycomb was found to be the least favorite at the fill-
ing percentage of 100, although it gave rise to better
properties at the low filling percentage.

—  SEM micrographs indicated the low number of tiny voids
for both concentric and hilbert curve patters justifying the
higher mechanical properties of the printed samples with
these patterns at the highest filling percentage (here, 100).
The presence of large voids in the printed specimen with
the honeycomb pattern is the reason for their lowest
strengths at this filling percentage (100).

— An analysis of thermal history in rasters suggests that
when rasters are printed at short distances (such as in
hilbert curve), a high temperature is maintained and thus
a strong bonding between the adjacent rasters is devel-
oped due to a better fusion. This results in a matrix with
less flaws, as evident in the SEM micrographs, and con-
sequently a dramatic increase of the samples printed with
hilbert curve pattern, at the high filling percentage.
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