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Abstract

Fused Deposition Modeling (FDM) is an extrusion-based additive manufacturing technique which growing rapidly due to
its ability to fabricate complex parts directly from CAD models. In conjunction with its growing applications, the mechani-
cal behavior of the FDM printed part needs thorough investigation for effective application as an end use functional part in
various industries such as aerospace, automobile, mold and die, biomedical. Functional applications of FDM printed parts
are affected due to their lower mechanical properties compared to injection molded parts. The assessment of the mechani-
cal behavior of the FDM printed part is proved as challenging task due to the wide variety of the process parameters. In
the present work, an attempt has been made to experimentally investigate the tensile behavior of FDM printed parts having
multi-Infill patterns and different stacking of layer arrangements for different Infill density and raster orientations. Combined
patterned parts are printed from two thermoplastic materials, viz. PLA and ABS having six different stacking sequences at
three different levels of Infill density (i.e., 30%, 60% and 90%) and two different raster arrangements (i.e., 0° and 45°) and
those are mechanically tested to obtain tensile properties. Further, the fractographic analysis was carried out to study vari-
ous aspects of tensile failure modes for FDM printed multi-infill pattern samples. Combining two different infill patterns
and layer stacking sequence improves tensile strength for 45° raster orientation samples and decreases tensile strength for 0°
raster orientation samples when compared to a single pattern throughout. For 0° raster orientation, stacking sequence with
all the layers are deposited parallel to loading direction offers more strength than multi-infill pattern samples. Whereas for
45° raster orientation, stacking sequence with all the layers parallel to loading direction offers lower strength than multi-
infill pattern samples.

Keywords Fused deposition modeling - Multi-infill patterns - Stacking sequence - Raster orientation - Infill density -
Tensile strength
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additive manufacturing techniques by which part is built
layer-by-layer directly from CAD model. Initially, based on
conceptual design, a geometric model is created and then
converted to standard tessellation language (STL) file for-
mat, which approximates the surfaces of the model as a tri-
angle. Apart from STL file format, models can also be con-
verted into AMF, OBJ, 3MF and DAE via CAD software. In
addition, the 3D scanning systems are also used to make 3D
model by reverse engineering process [1]. Now the model
is sliced in very thin layers by using slicing software and
G-code file is generated for the model. At last generated file
is loaded into the FDM software, which governs the process
and part is built layer-by-layer.

@ Springer


http://orcid.org/0000-0003-0970-4373
http://orcid.org/0000-0003-1858-9661
http://orcid.org/0000-0002-2367-0109
http://orcid.org/0000-0002-6023-5544
http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-020-02742-3&domain=pdf

23 Page2of15

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:23

During FDM printing, the filament from the spool is fed
into the extrusion head and is heated to a semi-liquid state.
Now, this semi-liquid state material is extruded and depos-
ited on the heated bed in a layer by layer fashion to fabricate
the part. Once a layer is deposited, the bed is lowered as per
the defined layer thickness for further deposition of mate-
rial. The entire part is fabricated by depositing material in
successive layers. Once the part is developed and solidifies,
it is removed from the bed for post-treatments if needed [2].

FDM is a widely accepted additive manufacturing tech-
nique because it shortens the time of product development
and it is easy to fabricate complex parts due to layer-wise
material deposition directly from CAD model without any
specific requirement of tooling. The mechanical behav-
ior of FDM printed parts depends on the various process
parameters and can be affected by the selection of process
parameters [3, 4]. Mechanical strength and accuracy of parts
can be enhanced by following build rules while printing [5].
Optimization of process parameters improves mechanical
performance and parts can be directly used in functional
applications [6], and the microstructure of FDM material
has a pronounced effect on mechanical performance [7].
FDM printed samples exhibit lower mechanical strength
than injection molded samples [5-9].

Durgun and Ertan [10] investigated the effect of raster
angle and build orientation on strength, surface roughness
and production cost of FDM printed ABS samples. Test
results confirmed that 0° raster angle and horizontal build
direction show optimal mechanical performance and surface
roughness with optimum production cost and time. Li et al.
[11] confirmed that layer height has a major impact on bond-
ing strength followed by deposition velocity. On the other
hand, infill rate has a negligible effect. Casavola et al. [12]
used classical laminate theory to characterize the mechani-
cal behavior of FDM parts. Both young’s modulus and UTS
showed a reduction with an increase in raster angle from 0°
to 90° and 45° samples exhibit an intermediate mechani-
cal behavior. Chacon et al. [13] carried out a tensile test
and flexural test to investigate the effect of build orienta-
tion, feed rate and layer thickness and observed optimal
mechanical performance for lower layer thickness and high
feed rate. On-edge orientation offered the highest strength
followed by flat orientation and least strength for upright ori-
entation. Rajpurohit and Dave [14] confirmed that 0° raster
angle and lower layer height offer higher Tensile strength.
Tensile strength increased with an increase in raster width
up to a certain extent, then it decreased. Dave et al. [15]
observed higher tensile strength for specimens with recti-
linear and concentric infill patterns built-in flat and on long
edge orientation as compared to on short edge orientation.
They also reported that specimen with Hilbert curve infill
pattern showed better results for short edge orientation as
compared to long edge orientation. Rodriguez et al. [16]
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observed a reduction in strength of FDM samples due to the
presence of voids and loss of molecular orientation during
extrusion when compared to the strength of ABS monofila-
ment. Lederle et al. [17] carried out material extrusion under
the inert gas atmosphere and observed enhanced mechanical
performance for both materials (ABS and nylon copolymer)
when compared to samples printed in the open air. Wu et al.
[18] observed 108% higher tensile strength, 114% higher
compressive strength and 115% higher bending strength for
polyether-ether-ketone (PEEK) samples than ABS samples.
Ziemian et al. [19] observed better fatigue life under tension-
tension fatigue test for 0° and +45°/ —45° raster orienta-
tion when compared to diagonal (45°) and transverse (90°)
raster orientations. Zaldivar et al. [20] studied the effect of
build orientation on mechanical and thermal properties of
FDM printed ULTEM samples and observed variation in
the coefficient of thermal expansion for different orienta-
tions. Alvarez et al. [21] observed higher printing time and
lesser tensile strength for infill of 50-98% when compared
to 100% infill for hexagonal infill pattern. Shih et al. [22]
observed an improvement of interlayer bonding strength
in cold plasma treated PLA samples when compared to
untreated samples. They also observed that treatment time
adversely affecting the bonding strength. Lee and Liu [23]
studied the effect of forced air cooling on FDM printed
PLA samples and observed improved dimensional quality
and decreased mechanical strength at higher airflow veloc-
ity (5 m/s). Ishak et al. [24] carried out material deposition
in different planes in a single part for different build ori-
entations. They observed improvement in ultimate tensile
strength, modulus of elasticity and yield strength for the
upright printed specimens. Different approaches have also
been used to investigate the mechanical properties of FDM
part, such as FE simulations [25-28], addition fiber rein-
forcement in FDM parts [29-32], ultrasonic strengthening
of printed part [33], and Damage/deformation study [34].
Apart from that, researchers have investigated the effect of
chemical treatment on FDM printed part on the mechanical
properties. Kozior et al. [35] successfully combined FDM
printing and electrospinning in order to prepare mechani-
cally stable filters with a Nano fibrous surface. Effect of
adhesion of FDM printed polymers on textile fabrics has
also been investigated [36]. A study showed that applying
the chemical treatment on the FDM printed parts resulted in
good surface texturing. However, due to the chemical treat-
ment, tensile strength is reduced [37].

The majority of the work has been reported on the effect
of various process parameters, viz. raster angle, build orien-
tation, infill strategies, layer thickness, raster width, air gap,
print temperature, bed temperature, etc. To date, the majority
of the work has been reported on the tensile properties of the
FDM part with a single infill pattern throughout. To the best
of the author’s knowledge, no work is reported on the effect
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of multi-infill patterns and layer stacking sequences on the
tensile properties of FDM parts. There is a requirement of a
study on the effect of single and multi-infill patterns on ten-
sile properties of FDM printed part for a better understand-
ing of infill strategy. Hence, in this study, an experimental
investigation was carried out to understand the effect of a
multi-infill pattern at different infill density raster orientation
and stacking sequences on the tensile properties of FDM
printed ABS and PLA parts. To fabricate the specimen,
customized G-code files were prepared to print multi-infill
pattern specimens and the uniaxial tensile test was carried
out to investigate mechanical response in terms of tensile
strength. Further, the microscopic examination of fractured
surfaces was carried out to understand the effect of a multi-
infill pattern on the failure mode of printed specimens.

2 Materials and methods
2.1 Experiment design

The objective of the present work is to study the effect of
multi-infill patterns with different raster orientation and dif-
ferent infill density under different stacking sequence of lay-
ers on tensile strength of FDM printed parts. Tensile testing
specimens were printed with rectilinear and grid as infill pat-
terns at two different raster orientations, viz. 0° and 45° with

Fig. 1 Variation of slicing
parameters
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the longitudinal axis of the part (i.e., x-axis of the machine).
Infill density has been varied at three levels i.e., 30%, 60%
and 90%. Figure 1 illustrates the variation of slicing param-
eters. Layers of the specimens were arranged in six different
stacking sequences, viz. S1, S2, S3, S4, S5 and S6 as shown
in Fig. 2 and details for different stacking sequences, are
given in Table 1. The process parameter levels and their val-
ues are shown Table 2. In the present investigation, samples
were printed from two thermoplastic materials, viz. Polylac-
tic Acid (PLA) and Acrylonitrile Butadiene Styrene (ABS).
PLA is bio-based and biodegradable polymer whose prop-
erties are comparable to the other plastics in the industry.
ABS is petroleum-based, non-biodegradable plastic which
is widely used in electronic industry, automobile industry,
pipe fittings and toy industry. Table 3 shows the proper-
ties of PLA and ABS filaments. In this study, full factorial
experimental design was considered and a total of 36 speci-
mens with a different combination of process parameters
have been selected for printing for each material. All the
specimens were printed thrice to ensure the repeatability of
experiments. Hence, a total of 108 nos. of PLA specimens
and 108 nos. of ABS specimens were printed and tested.
Tensile test specimens were fabricated as per the ASTM
D638 standard having a thickness of 3.2 mm. Figure 3 illus-
trates a schematic of the test specimen. Layer height for
the printing was chosen as 0.1 mm. Hence, one specimen
contains 32 layers, out of which top and bottom layers are
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Fig.2 Different stacking 0° raster orientation 45° raster orientation
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Table 1 Description of layer arrangement for different stacking sequences

Stacking Designation Description

sequence

S1 R30 All 30 layers are of a rectilinear type

S2 R10G10R10 The first 10 layers are of rectilinear type, then 10 layers at the middle are of grid type and 10 layers at the top are of
rectilinear type

S3 R5G5R10GS5RS The First 5 layers are of rectilinear type, next 5 layers are of grid type, 10 layers at the middle are of rectilinear
type, next five layers are of grid type and 5 layers at the top are of rectilinear type

S4 G10R10G10 The first 10 layers are of grid type, then 10 layers at the middle are of rectilinear type and again 10 layers at the top
are of grid type

S5 G5R5G10R5G5 The first 5 layers are of grid type, then next 5 layers are of rectilinear type, 10 layers at the middle are of grid type
then again 5 layers are of rectilinear type and 5 layers at the top are of grid type

S6 G30 All 30 layers are of grid type

Table 2 Process parameters and their values

Raster orientation Infill density (%) z?a?c]l](ing Table 3 PLA and ABS filament properties (manufacturer’s datasheet)
sequence Property PLA ABS

0° 30 S1to S6 Print temperature (°C) 205-225 220-260
60 S1to S6 Bed temperature (°C) 60-80 90-110
90 S1to S6 Tensile strength (MPa) 65 43

450 30 S1to S6 Elongation at break (%) 12 22
60 S1to S6 Flexural strength (MPa) 75 66
90 S1to S6 Impact strength (kJ/m?) 8.5 19

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:23

Page50f15 23

Fig.3 Schematic of tensile test 165
specimen as per ASTM D638
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Table 4 Constant parameters during printing

Parameter PLA ABS
Layer height (mm) 0.1 0.1
Raster width (mm) 0.5 0.5
Bed temperature (°C) 70 90
Nozzle temperature (°C) 210 250
Printing speed (mm/s) 40 40
No. of perimeters 1 1

printed as solid layers. So infill pattern, infill density and
stacking sequence are varied for the remaining 30 layers.

2.2 Specimen fabrication

In the present study, test specimens were printed on
using open source desktop type high precision OMEGA
dual extruder FDM 3D printer with a build volume of
500 % 500 500 mm. All the samples were printed in flat
orientation i.e., all the layers are parallel to the XY plane
and the thickness of the specimen can be seen in Z-direction
and the longitudinal axis of the specimen is similar to the
X-axis of the machine. A filament with 1.75 mm diameter
was extruded through a nozzle of 0.4 mm diameter and cus-
tomized tool path files were created to print multi-infill pat-
tern samples. Fixed parameters and their values are given
in Table 4.

2.3 Tensile testing

Uniaxial tension test was performed to evaluate tensile
strength using horizontal type electronic tensometer,
PC-2000 (Make: Kudale Instruments Pvt. Ltd., India) with
a 20 kN load capacity. Tensile tests were performed as per
the ASTM D638 standard with a deformation speed of
5 mm/min until specimen failure occurs at room tempera-
ture. Stress—strain, load, elongation data were monitored and
recorded by the built-in software of the electronic tensom-
eter. Figure 4 shows the test specimen held in cross—wedge
gripper for tensile testing.

3 Results and discussion

In the present work, an investigation was carried out to
study the tensile behavior of multi-infill patterned FDM
printed parts for different stacking sequences of layers. All
the experiments were performed as per experimental design
as discussed earlier and tested. The result obtained through
tensile testing of FDM specimens with a multi-infill pattern
is discussed in this section.

Figure 5 depicted the effect of the stacking sequence and
multi-infill pattern on the tensile strength of the FDM part
at different raster orientation and percentage infill. At 0° ras-
ter orientation, the highest strength is observed for a speci-
men having stacking sequence S1 and the lowest strength
is observed for stacking sequence S6 for all considered
infill density. In the case of 45° raster orientation, stack-
ing sequences S1 and S6 show similar strength, whereas
stacking sequences S3 and S5 show similar strength i.e., for
PLA samples, 9.33 MPa for S1 and 9.23 MPa for S6 at 30%
infill density; 22.1 MPa for S1 and 24.5 MPa for S6 at 90%
infill density. Whereas for ABS samples, 7.7 MPa for S1 and
8.6 MPa for S6 at 30% infill density; 14.4 MPa for S1 and
15.1 MPa for S6 at 60% infill density.

Figures 6,7, 8,9, 10 and 11 show the fractured surface of
specimens having stacking sequence S1 to S6. Higher tensile
strength is obtained at S1 stacking sequence with 0° raster
orientation. In contrast, lower tensile strength is obtained
at S6 stacking sequence. The difference in tensile strength
for multi-infill pattern samples can be explained by failure
modes associated with them. Parts having stacking sequence
S1 have trans-raster failure, whereas stacking sequence S6
has inter raster failure i.e., failure at raster meeting junction.
S1 stacking sequence has all the layers deposited parallel
to loading direction during the tensile test. Due to the par-
allel arrangement of the beads and loading direction, the
individual bead is capable of bearing more load and failure
occurred due to the breakage of each bead. It is observed
that grid layers are weaker than rectilinear layers due to the
improper fusion at the grid junction, where two raster per-
pendicular to each other bond with each other. The strength
of bond depends on the fusion of material at the raster inter-
face and weaker bond formed at the raster interface due to
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Fig.4 Mikrotech PC-2000
tensile testing setup
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the incomplete fusion bond. Moreover, these junction points
also act as stress concentration points and failure occurred
due to breakage of bonding at the junction points. Parts with
multi-infill patterns (i.e., S2, S3, S4 and S5) experiences a
mixed failure mechanism (both trans-raster and inter raster
failure).

It is observed that samples were having stacking sequence
S1 and S6 offer nearly similar tensile strength at 45° ras-
ter orientation because of less material availability to resist
applied load (45°-S1) and weak inter raster bonding (45°-
S6). Figure 12 shows the fractured surface of the specimen
having stacking sequence S1 at 45° raster orientation. Due
to the absence of fusion between adjacent rasters, the applied
load is taken by the outer shell and a single stacked column
of rasters and failure occurs due to breakage of individual
rasters in a single stacked column. On the other hand, sam-
ples having stacking sequence S6 at 45° raster orientation,
failure occurs at the region where two rasters fuse and make
a bond. These raster meeting junction points act as stress
concentration points and because of weak bonding between
rasters, failure takes place. In the S6 stacking sequence,
more material is available to bear applied load but incom-
plete fusion at the junction is responsible for lower strength.
Figure 13 shows the fractured surface of the specimen hav-
ing stacking sequence S6 at 45° raster orientation.

The incorporation of grid layers decreases the strength
in the case of 0° raster orientation samples as moving from
S1 to S6. S1 offers more strength than that of the strength
offered by multi-infill pattern samples. Whereas, in the case
of 45° raster orientation samples, S1 offers lower strength
than that of the strength offered by multi-infill pattern sam-
ples. The fractured surface of the multi-infill pattern part

@ Springer
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with 45° raster orientation is shown in Fig. 14. It is visible
that failure occurs due to the breakage of rasters of rectilin-
ear pattern and breakage at the bonding region of the grid
pattern. For multi-infill pattern samples, grid layers pro-
vide support to rectilinear layers and the number of stacked
columns of rasters becomes available to bear applied load
instead of a single stacked column in the case of S1.

As moving from stacking sequence S1 to S6, the number
of grid layers increases from O (for S1) to 30 (for S6). Out
of total 30 layers, stacking sequences S2 and S3 contain
10 layers of the grid pattern and 20 layers of a rectilinear
pattern, but they differ in their arrangement i.e., for stack-
ing sequence S2 all grid layers are located at mid-region
of part, whereas for stacking sequence S3 grid layers are
split into two groups of five-layer each and arranged at the
upper side and lower side of 10 rectilinear layers as shown
in Fig. 15. Splitting of layers does not offer any considerable
effect on tensile strength i.e., for 0°-PLA samples, 18.5 MPa
for S2 and 18.9 MPa for S3 at 30% infill density; 26.2 MPa
for S2 and 27 MPa for S3 at 60% infill density; 36.3 MPa
for S2 and 35.1 MPa for S3 at 90% infill density. Similarly,
stacking sequences S4 and S5 contain 10 rectilinear lay-
ers. For S4 all rectilinear layers are arranged at mid-region,
whereas for S5 they are split into two groups of five layers
each and located at the upper and lower side of ten grid lay-
ers. Stacking sequences S4 and S5 show similar strength i.e.,
for 0°-ABS samples, 13.1 MPa for S4 and 13.2 MPa for S5
at 30% infill density; 17.3 MPa for S4 and 20.1 MPa for S5
at 60% infill density; 28.5 MPa for S4 and 27.6 MPa for S5 at
90% infill density. Similar observations have been made for
45°-PLA and ABS samples that can be seen in Fig. 5. For all
considered print settings, PLA samples show higher tensile
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Fig.5 Effect of stacking sequence and multi-infill patterns on tensile strength
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Fig.7 Fractured surface of
specimen having stacking
sequence S2 at 30% infill

Fig.8 Fractured surface of
specimen having stacking
sequence S3 at 30% infill
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Fig. 11 Fractured surface of
specimen having stacking
sequence S6 at 30% infill

Failure at 4
raster
meeting
junction

Fig. 12 Fracture surface of
specimen having stacking
sequence S1 at 45° raster orien-
tation (a) PLA and (b) ABS

strength than that of ABS samples. The mechanical prop-
erties of FDM printed parts highly depend on the various
process parameters apart from filament material properties
and can be affected by the selection of process parameters.
Hence, the highest strength offered by FDM printed samples
for both the materials is less than the strength of filament
material.

Figure 16 shows the effect of infill density on tensile
strength for different stacking sequences and different ras-
ter orientation. It is observed that tensile strength increases
with an increase in infill density i.e., highest tensile strength
is observed for samples having 90% infill density. In com-
parison, 30% infill density resulted in lower tensile strength.

' Failure at

raster

Single
stacked
column of
rasters

(b)

Specimens with 60% infill density displayed intermediate
strength for all stacking sequences and raster orientations.
It is observed that tensile strength increases with an
increase in infill density for all the raster orientations and all
the stacking sequences. The increase in strength with incre-
ment in infill density is observed due to the availability of
more load resisting material and the presence of intra-raster
bonding at higher infill density. It is observed that a higher
bonding area takes place between rasters of layers closer
to the bed. The bed is heated at elevated temperature and
because of continuous heat supply to the layers, intra-raster
necking takes place due to that bottom layers become near
to solid. Figure 17 shows the fractured surface of specimens
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Fig. 13 Fracture surface of
specimen having stacking
sequence S6 at 45° raster
orientation

Fig. 14 Fracture surface of
multi-infill pattern sample at
45° raster orientation

Failure at junction
for grid layers

Failure at raster meeting junction

Failure at junction
for grid layers

Breakage of
rectilinear raster

Fig. 15 Cross-sectional view of
multi-infill pattern samples

having different infill density for both materials. There is
an absence of intra-raster bonding at lower infill density
because of the larger gap between deposited rasters. Due
to the effect of bed heating, solid layers are observed near
the bed in higher infill density specimens. The effect of bed
heating is also observed in multi-infill pattern parts that can
be seen in Fig. 18. Inter-raster fusion is restricted to some
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layers, after that no fusion occurs because of solid layers
near the bed act as resistance to heat flow.

Figure 19 shows the effect of raster orientation on tensile
strength for different stacking sequences at different infill
density. It can be seen that for stacking sequence S1, samples
with 0° raster orientation show significantly higher strength
than 45° raster orientation for all infill density.
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Fig. 16 Effect of infill density on tensile strength

Fig. 17 Cross-sectional view of
samples having different infill
density

For 0° raster orientation, the tensile load is applied
along the direction of raster deposition. Due to the paral-
lel alignment of raster deposition and loading direction,
the individual raster is capable of bearing more load dur-
ing tensile testing as well as the effect of raster bonding
also minimized. For 45° raster orientation, the direction
of the deposited raster is not parallel to the direction of

90% PLA

90% ABS

the applied load. It is at an angle equal to the value of the
raster angle considered i.e., applied load is not normal to
the cross section of the raster can be seen in Fig. 20. In
this case, the applied load is shared between raster and
bonding between two rasters and due to weak bonding at
the raster interface, shear failure occurs at the bonding
region for parts with full infill. Raster orientation has no
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Fig. 18 Fractured surfaces for
multi-infill pattern samples
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Fig. 19 Effect of raster orientation on tensile strength

significant effect on tensile strength for multi-infill pat-
tern parts at higher infill density i.e., at 90% infill density,
stacking sequence S3 shows 35.1 MPa at 0° raster orien-
tation and 36.4 MPa at 45° raster orientation; S4 shows
32 MPa at 0° raster orientation and 31.7 MPa at 45° raster

@ Springer

orientation for PLA specimens. Whereas for ABS spec-
imens, S4 shows 28.5 MPa at 0° raster orientation and
27.2 MPa at 45° raster orientation; S5 shows 27.6 MPa
at 0° raster orientation and 27.1 MPa at 45° raster ori-
entation. Figure 21 and Fig. 22 show fractured surfaces
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Fig.20 Fracture pattern for dif- |
ferent raster orientation

/7

7

Breakage of individual raster Shear failure at bonding region

\
= Ve

Fig. 21 Fractured surface of Fusion of material
PLA sample having stack- /"’
ing sequence S3 at 90% infill /
density ==
0° raster orientation
Fig. 22 Fractured surface of Fusion of material

ABS sample having stack-
ing sequence S5 at 90% infill
density

0° raster orientation

45° raster orientation

45° raster orientation

@ Springer



23 Page 140of 15

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 43:23

of multi-infill pattern samples at 90% infill density. Frac-
tographic analysis of fractured surfaces reveals that the
load-bearing area remains almost the same for both raster
orientations at 90% infill density. For 90% infill density,
gap between rasters is very small and heat transfer from
bed to layers causes fusion of material between two ras-
ters in a layer, leads to lesser voids in the bottom region
and some voids are observed in the top region. Hence,
more material availability and inter raster material fusion
at higher infill density offer almost the same load resisting
area for both raster orientations, leads to similar tensile
strength for multi-infill pattern samples.

4 Conclusion

The present study investigates the tensile behavior of FDM
printed parts having multi-infill patterns and different stack-
ing sequence of layer arrangement under different raster ori-
entation and infill density. Based on the experimental results,
the following major conclusions are drawn:

e At 0° raster orientation, parts having stacking sequence
S1 offer the highest tensile strength, whereas part having
stacking sequence S6 offers the lowest strength for all
considered infill densities for both PLA and ABS speci-
mens.

e Incorporation of grid layers decreases the tensile strength
for parts having 0° raster orientation whereas, for 45° ras-
ter orientation, tensile strength is increased. The addition
of grid layers in 45° raster orientation samples provides
support to rectilinear layers and increases load resisting
material, leads to an increase in tensile strength.

e Rectilinear layers undergo trans-raster failure, whereas
grid layers exhibit failure due to breakage of bonding at
raster meeting junction. Multi-infill pattern parts experi-
enced mixed failure mechanism i.e., trans-raster as well
as failure at raster meeting junction.

¢ No significant effect has been observed on strength due
to raster orientation in multi-infill pattern parts at higher
infill densities because of the very little gap between
deposited rasters and almost the same load resisting area
for both raster orientations.

e The highest strength offered by FDM printed samples
for both the materials is less than that the strength of
filament. For all considered print settings, PLA samples
showed higher tensile strength than that of ABS samples.
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