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Abstract

Fused Deposition Modelling (FDM) is the one of the most
widely used additive manufacturing processes because of its
low cost, simplicity of the process and capability to use a
broad range of thermoplastic materials. However, the
mechanical properties of printed material are inferior to those
manufactured by other methods such as extrusion,
compression molding, and injection molding. While past
studies have focused on the effect of FDM parameters on the
properties of many polymers, such studies on composites are
very limited. Hence, the objective of this research is to
develop this knowledge by studying carbon fiber reinforced
PET-G polymer. The effect of the four print parameters
namely, infill orientation (45°/-45°, 0°/90°), layer
thickness(0.1 mm, 0.2 mm, 0.3 mm), nozzle diameter (0.3
mm, 0.4 mm, 0.5 mm, 0.6 mm) and print temperature (240°C,
250°C, 260°C) on the tensile strength and modulus was
studied. Changing infill orientation from 45°/-45° to 0°/90° at
250°C resulted in increase in the tensile strength from 44.1
MPa to 47.3 MPa and in the modulus from 4.3 GPa to 4.9 GPa
as the carbon fiber gets oriented along the print direction.
Increase in nozzle temperature from 240°C to 260°C with 0.4
mm nozzle and 0.3mm layer height increased the tensile
strength from 31.7 MPa to 43.48 MPa. High temperature leads
to better flow and adhesion of two layers. Lowering the layer
height from 0.3 mm to 0.1 mm at 0.4 mm nozzle diameter and
250°C, increased the modulus from 4.7 to 6.2 GPa.
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1. INTRODUCTION

Additive Manufacturing has the ability to manufacture
complex structures with high precision and less waste than
other conventional manufacturing techniques such as joining,
machining and moulding. Among available 3D printing
techniques Fused Deposition Modelling (FDM) is the most
commonly used process because of its low cost, simplicity of
the process and capability to use broader range of
thermoplastic materials; besides, it doesn’t require any specific
tooling. FDM (also known as Fused Filament Fabrication

(FFF)) is an extrusion-based additive manufacturing
technique, which was patented by Stratasys around 25 years
ago to manufacture parts by depositing semi-molten
thermoplastics layer by layer over a printing platform [1].
FDM printed parts have application in electronics [2],
aerospace [3], biomedical [4-5], automobile [6], construction
[7-10], textile [11-12], toy industries [13].

PLA and ABS are commonly used filaments and extensive
research has been done to characterize the mechanical
properties of these material as a function of printing process
parameters. PLA is most used material due to its low cost, less
offensive odor, processability at lower temperature and no
heated-bed requirement which makes it easy to print and
results in nice detailed parts [20]. ABS is known for more
durability and functional parts as it has more strength and
higher glass transition temperature than PLA. Dawoud et al.
[14] recorded a tensile strength of 34.3MPa and flexural
strength of 63.8MPa and FDM printed parts were able to
achieve 91% tensile strength of injection moulded specimens.
ABS generate more toxic fumes than PLA, which offsets its
attractiveness of better functionality than PLA [18].
Mechanical properties of PLA and ABS, achieved by the
optimizing the print parameters, are far less than the strength
of 100% dense material. Void formation and poor layer
adhesion between the printed layers impair the mechanical
properties of the FDM printed composites[20].

Reinforcing the pure resin with reinforcement, required
properties can be achieved. Reinforcements like glass fiber
[21], carbon fiber [22-23] and silicon carbide whiskers [25], as
well as expandable microspheres have been used in PLA and
ABS[20]. The properties of reinforced composites depend
upon the fiber aspect ratio, fiber content, and fiber orientation
[26] . Printing of very complex parts is not possible with
continuous fiber composites. Specimen manufactured with
15% discontinuous short fiber reinforced PLA reported the
tensile strength of 53.4MPa and modulus of 7.54 GPa [23].



With the addition of reinforcement, printing of thermoplastics
becomes challenging and in order to realize the highest
mechanical properties it is important to optimize the print
parameters, which has not received much attention in the past.
Print parameters that can be optimized are layer thickness,
nozzle diameter, infill pattern, build orientation, raster angle,
and extrusion rate of the composites. PET-G is known to have
the blend of the best of the properties of both PLA and ABS
and it emits low odor due to low volatile organic compounds
(VOC’s) generation and less nanoparticle emissions during
printing [15]. It also has a higher glass transition temperature
than PLA. Being a new material PET-G needs careful tuning
and optimization of different print parameters to yield smooth
printed parts with lower surface roughness and higher
mechanical properties. Abouzaid et al characterized the effect
of extrusion temperature on the mechanical properties of the
copolyester but effect of other print parameters is not
discussed in the literature [16]. No research has been reported
on FDM of carbon reinforced copolyester and on optimization
of print parameters on mechanical properties. In this research,
the effect of the four print parameters, namely raster angle,
extrusion temperature, nozzle diameter and layer height on the
mechanical properties of the carbon reinforced PET-G was
studied. The mechanical properties of carbon fiber reinforced
PET-G determined as a function of various print parameters
were compared with those of compression molded specimens
to determine the optimal parameters.

2. EXPERIMENTAL DETAILS

2.1. Material, Equipment, and Printed Specimen

Composite filament (ColorFabb XT-CF20), 1.75mm in
diameter and consisting of PET-G polymer matrix and 20%V+
of milled carbon fiber reinforcement, was purchased from
ColorFabb. This carbon reinforced composite was printed
using Prusa i3MK3 FDM Printer, equipped with E3D
hardened nozzle to avoid the abrasive wear of the nozzle
caused by the carbon fiber. Tensile testing of printed
specimens was done, as per ASTM D638 standard [29] using
MTS testing machine fitted with the extensometer, at the rate
of 5 mm/min. Nikon’s LV100 optical microscope was used to
analyze the interlayer bonding and fiber orientation. Image of
the printed samples captured by Nikon’s DS-Fil camera was
analyzed using NIS- Elements Basic Reserarch-3.0 software.
The tensile test specimen, with dimensions as per ASTM
D638 was designed using Solidworks 2015 and exported into
Prusa Slicer2.0 in STL format. Selected input process
parameters assigned to each STL file were used to slice the
specimen using the Prusa slicer and the resulting G-code was
exported to the FDM printer.

2.2. Design of experiments

The focus of this research was to optimize the print parameters
to maximize the mechanical properties and there are ten print

parameters that can be varied using the slicing software. Six
parameters were maintained constant, four parameters,
tabulated in Table 1, were varied. Rectilinear pattern was
chosen to enable 100% infill density with 3 perimeters. The
bed temperature was chosen to be 70 °C to enable better
adhesion of the extruded material to the bed while printing.
The minimum nozzle diameter was fixed at 0.3 mm since any
diameter less than that resulted in clogging. Filament
manufacturer recommends the printing temperature between
240 °C to 260 °C for this material. Hence, the extruding
temperature for this study was varied in this range at 240 °C,
250 °C and 260 °C. Layer heightis the height of each
successive layer of material being deposited by the extrusion
nozzle. Layer height less than the nozzle diameter would result
in printed layers being compressed while that equal to or
higher than the nozzle diameter would result in no pressure
being applied to the printed layers. Since the former is
required for better bonding between the layers, layer height in
the range of 0.1 to 0.3 mm was used. Since the reinforcement
fibers are likely to get oriented along the print direction due to
shear flow of the matrix, orientation of the raster angle with
respect to specimen axis (i.e. loading axis) is likely to
influence the properties. Moreover, the amount and the
orientation of defects (i.e. void space between layers) are also
likely to change. Hence, raster angle was varied from 0/90° to
+45°. A total of 36 sets of print parameters were used to print
the specimens.

Table 1. Variable Process Parameters

Process Parameter Values

Raster Angle 0°/90 °, 45 °/-45 °

Temperature( °C) 240, 250, 260
Layer Height(mm) 0.1,0.2,0.3
Nozzle Diameter (mm) 0.3,0.4,05,0.6

2. RESULTS & DISCUSSION

3.1. Effect of raster angle

Raster angle is the direction of the deposition of material to fill
the interior part relative to the X axis of the build table, which
is aligned with respect to the axis of the specimen (i.e. loading
direction). Two type of rasters, commonly used are 0 °/90 °
(layers having 0 ° and 90 ° alternatively) and 45 °/-45 °( layers
having 45° and -45 ° alternatively). To reduce the number of
experiments this effect was tested only for 0.4 mm nozzle and
at 250 °C temperature and the one which resulted in higher
strength was used for the remaining experiments. Optical



images of the printed samples are shown in Figures 1 and 2 for
the two raster angles. Orientation of the carbon fibers along
the print direction is clearly observed in these images.
Changing the orientation from 45 °/-45 ° to 0 °/90 ° the
ultimate tensile strength increases from 44.1MPa to 47.MPa
and modulus from 4.3 GPa to 4.9 GPa as shown in Table 2.
Assuming that the void content is same for both raster angles,
the increase in properties for 0 °/90 ° with respect + 45 °
would be due to orientation of carbon fiber (that gets oriented
along the print direction) with respect to the loading direction.

Fig 2. 45°/-45°

Table 2. Effect of Raster Angle at 250° C and using 0.4 mm
Nozzle Diameter

Test | Infill Layer Tensile Modulus(GPa),
Directi | Thickn Strength (S.D%)
on (°) ess (MPa),
(mm) (S.D*)
1. 45°/- 0.30 44.1(0.32) 4.3 (0.062)
45°
2. 0°/90° 0.30 47.3(2.8) 4.9 (0.270)

*Standard Deviation

3.2. Effect of Layer Height

The effect of layer height on the modulus and strength are
shown in Figures 3 and 4 respectively for various nozzle

diameters (N.D.) and print temperature. The tensile modulus
and the tensile strength of the composite increased when the
layer height is decreased from 0.3 mm to 0.1 mm for ND
greater than 0.3 mm and at all three temperatures. If the
diameter of the printed material is larger than the layer height,
the printed material will be squeezed to a larger width. The
increase in the width of the bead with decrease in layer height
is tabulated in the Table 3. The squeezing decreases the
thickness of the bead as shown in figure 5, which is the side
view of the printed material without perimeters. The thickness
of the bead as shown in table 3 is observed to decrease with
increase in width, as layer height is reduced. Better adhesion
between the flattened layers as well as decrease in void
content (data on this will be presented during the conference)
are believed to the reasons for the increase in properties with
decrease in layer height.
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Table 3. Width of each bead printed at 250 °C using 0.5

nozzle

Test | Layer | Temp Bead Bead

Height | (°C) Thickness Width

(mm) (um) (S.D) | (um)

(S.D)
1. 0.1 250 39 (10) 937 (28)
2. 0.2 250 89 (8) 663 (14)
3. 0.3 250 163 (20) 558 (14)

3.3 Effect of Nozzle Diameter (ND)

For a given layer height and print temperature, the tensile
modulus and the strength generally increase with increase in
N.D. At 240 °C, the material could not be printed using 0.3 mm
due to frequent clogging of the nozzle. As the temperature was
increased to 250 °C and 260 °C the decrease in the viscosity
enabled printing. Yet, the print had to be stopped and started
again while printing a layer resulting in cold fusion at various
locations of a layer. These are weak spots. Because of this, a
large standard deviation was recorded for samples printed using
0.3 mm.

A significant jump in properties, observed in Figures 2 and
3, with increase in ND is due to increase in raster width as
shown in Table 4. Enhancement in bonding between layers and
decrease in void content are believed to be the causes for
increase in the properties with increase in ND.

Table 4. Width of each bead printed using 0.3 layer height

at 250 °C
Test Nozzle Layer Bead Width
Diameter Height (um) (S.D)
(mm)
1. 0.3 0.3 275 (22)
2. 0.4 0.3 381 (15)
3. 0.5 0.3 558 (14)
4. 0.6 0.3 721 (8)

3.4 Effect of Extrusion Temperature

Extrusion temperature had the minimal effect on the
mechanical properties when compared to the effects of layer
height and nozzle diameter. Effect of the extrusion temperature
was much more evident for smaller nozzles diameters (0.3 mm,
0.4 mm). Increasing the print temperatures from 240 °C to 260
°C with 0.4 mm N.D. and 0.1mm layer height, resulted in
increase in the tensile strength from 43.1 MPa to 54.1 MPa
and in the modulus from 5.78 GPa to 6.47 GPa. This can be
explained as follows: with increase in temperature the viscosity
decreased enabling the smoother flow and better adhesion of
the composite layers. Using 0.3 mm N.D., it was not possible
to extrude the material at 240 °C . However, material started to
extrude at 250 °C, but unevenly resulting in poor quality. The
quality improved at 260 °C for the same print parameters. The

quality of samples printed for all NDs and layer height were
good for 250 °C and 260 °C.

3.5.0ptimized Print Parameters

The optimal print parameters, which resulted in highest
tensile modulus and strength, are 0.1 mm layer height, 0.6 mm
nozzle diameter and print temperature of 250 °C. The density,
the tensile modulus, and the tensile strength of the specimen
printed using these parameters, tabulated in Table 5, are 1.315
g/cm3, 59.7 MPa and 7.03 GPa respectively. The properties of
compression molded specimens (molded at 260 °C using 2 ton
pressure) are also tabulated in Table 5. Density of both
specimens were measured using the pycnometer.

The density of the FDM specimen was lower than that of
the compression molded specimens. Assuming that the
compression molded specimens were 100% dense, the void
fraction in the FDM specimen was determined to be 3%. The
tensile modulus and strength of the FDM specimens were 94%
and 97% of the values for compression molded specimens. It
should be noted that few FDM specimens were used in
compression molding. These specimens were fitted into a mold
cavity with similar shape and size and were subjected to
compression molding conditions. This was done to ensure same
fiber orientation enabling the comparison of both specimens.

In general, fibers are never oriented in one direction in
compression molded parts. Hence, the properties of specimens
prepared using compression molding of PET-G/carbon
filament would be lower than the those for the specimens
prepared using compression molding of FDM printed material
with oriented fibers. Hence, FDM of PET-G/carbon is expected
to result in parts with properties equal to or better than
compression molded parts, despite having a slightly lower
density (due to voids).

The above results confirm that the chosen print conditions
would result in best properties for the carbon fiber reinforced
PET-G parts and they are likely to equal the quality and
properties of a compression molded part using the same
material.

Table 5. Comparison of properties of FDM printed and
compression molded specimens.

Test | Manufacturing | Density( | Tensile Modulu
Technique g/cmd), Strength | s (GPa),

(S.D) (MPa), (S.D).

(s.D)
1. FDM 1.315 59.7 (2.4) 7.03
(0.0018) (0.13)
2. Compression 1.352 61.29 75
Moulding (0.0002) (1.5) (0.48

3. SUMMARY

This research focused on delineating the effect of three
print process parameters on the mechanical properties of the
carbon reinforced PET-G composites Layer height had the
maximum impact on the mechanical properties of the printed
specimen; decreasing the layer height increased the strength



and the modulus. Increasing the nozzle diameter increased the
mechanical properties of the samples. Temperature had the
minimal effect. Optimized print parameter for carbon
reinforced PET-G are 0.1 mm layer height, 0.6 mm nozzle
diameter and print temperature of 250 °C. Specimens printed
using the optimal print parameters resulted in tensile modulus
and tensile strength that were 94% and 97% of those for
compression molded part, despite having 3% void content.
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