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ABSTRACT KEYWORDS
The mechanical and dynamic behavior of FFF 3D printed polyethylene terephthalate glycol (PETG) Additive manufacturing;
and PETG reinforced with 20% carbon fibers is presented in this paper using several experimental ~ carbon fibers; mechanical

tests. Compression tests, cyclic compression tests, nanoindentation, and modal tests were used as properties; PETG

the assessment procedures. The results reveal that the addition of carbon fibers decrease as much
as 66% the compressive strain, while increase the modulus and the hardness by around 30 and
27%, respectively. The loss factor and damping as calculated from the cyclic compression and
models tests dropped from 17.3 to 15.4% and 13.8 to 12.3%, respectively.

GRAPHICAL ABSTRACT
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Introduction on the field of design, in the form of rapid prototyping

and toolmaking and, more recently, part production. In
recent years, it has progressed rapidly and has been
widely used in various manufacturing fields such as
aerospace, automobile, biomedical, building and many
others.!"~* This tremendous success could be attributed
mainly to its outstanding ability to directly manufacture

Due to global competition and product mass
customization, the manufacturing industry is now
under more pressure to look for and take advantage
of processes that can provide flexibility and cost savings
to cope with small batches and rapid product changes.
3D printing processes have had a tremendous impact
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complex parts without special tools, to greatly reduce
material waste, and to significantly reduce the time
and cost of manufacturing for novel products and small
quantity productions. One of the mostly used technique
is the fused filament fabrication (FFF) which uses a
thermoplastic filament as a building material. This
particular technique has caught hold in the hobbyist
and do-it-yourself communities with the availability of
low-cost machines that are approaching the part quality
capabilities of commercial machines. In FFF the
filament is pushed through a heated extrusion nozzle,
causing the material to melt and deposited layer-by-
layer until a 3D object is created.”) The effects of an
array of processing parameters, such as raster angle,
printing speed, layer thickness, etc. on the mechanical
properties of FFF 3D printed parts have been well
researched as documented in the literature.!*™'%!

The vast majority of the materials used in FFF
machines are ABS, PLA and Nylon, with bulk strengths
between 30 and 100 MPa and elastic moduli in the
1.3-3.6 GPa range with those numbers greatly reduced
in printed components.[“] However, recently composite
materials have been used in 3D printing processes and
novel materials are now fabricated incorporating
additives with unique characteristics.">'*) The FFF
3D printing takes advantage of such novel materials
produced by combining the base matrix material with
additives in specific concentrations and structures. In
particular, short carbon fibers are usually blended with
unfilled thermoplastic polymers to improve the proper-
ties of the polymer material, and therefore to potentially
improve the properties of the 3D printed components.
A study from Ning, et al. that!"® investigated the mech-
anical properties of printed samples with 0-15% carbon
fiber contents blended with ABS polymer matrix and
revealed that the carbon fibers increased the printed
samples’ tensile strength up to 22%, the Young’s modu-
lus up to 31.6%, and the bending strength up to 11.8%.
However, the average tensile strength peaked at 5% of
fiber weight content. Also, Ning et al.l'”! presented
results on the effects of processing parameters, such as
print orientations, infill speed, nozzle temperature,
and layer thickness on the tensile properties. Another
paper from Love et al.l"®! showed that filament made
from carbon fiber and ABS polymer significantly
increases strength and stiffness of FFF 3D printed parts.
The composite specimens showed a tensile strength of
70.69 MPa and a stiffness of 8.91 GPa, as compared to
29.31 MPa and 2.05GPa from unfilled ABS tensile
specimens. Additionally, they showed that the addition
of carbon fibers decreased the distortion of the printed
3D printed ABS parts. This was due in part to the
increased thermal conductivity as compared to unfilled

ABS. Moreover, Tekinalp et al.'” conducted tensile
tests with carbon fiber filled ABS filament at various
fiber weight contents. The fiber reinforced ABS pro-
duced an improved tensile strength and tensile modulus
by as much as 115 and 700%, respectively, while they
showed that the FFF process produced high fiber
alignment along the direction of the print path.

Such studies aim toward the understanding of how
well these filaments perform when used in 3D printing
and what enhancements are realized when carbon fibers
are added to the unfilled polymer. It is critical though
that such 3D printed materials might result in a range
of unidentified mechanical properties of the final part
due to the additive nature of 3D printing, while there
is an absence in the literature on the behavior of these
systems under alternating or dynamic loads. In the
current paper the commercially grade polyethylene
terephthalate glycol (PETG) and PETG with short
carbon fibers are evaluated using mechanical testing in
the form of compression and nanoindentation tests.
The compression stress-strain graphs are obtained
and the modulus is measured, while from the nano-
indentation tests the modulus and the hardness is
calculated to determine the reinforcing capability of
the carbon fibers in a 3D printed state. The dynamic
behavior of 3D printed PETG and carbon-modified-
PETG specimens is also investigated in this paper.
The dynamic mechanical properties of the carbon-
modified-PETG were determined by cyclic compression
and modal tests. From the loading-unloading cyclic
compression curves the loss factor is calculated. The
vibration isolation performance of the 3D printed speci-
mens was assessed through an optimization algorithm
for modal analysis and identification of experimentally
defined transfer functions. This modal testing
method derives modal parameters from the transfer
functions (TFs) of the composites by a curve-fitting
technique.!®®! To obtain the modal properties of the
materials under study a suitable experimental setup
has been designed. Using this set-up, the measurement
of a set of experimental transfer functions was achieved
through the signal processing of the data acquired from
the modal tests. For the accurate determination of the
dynamic properties of the 3D printed materials, it was
imperative to apply a mathematical model fitting the
experimental data of the modal tests. The measured data
of the experimental transfer functions were utilized as a
correlation parameter to analytical-experimental
determined TFs. The procedure for the identification
of analytical-experimental transfer functions was per-
formed using a genetic algorithm (GA) by minimizing
the difference between the measured data from tests
and the calculated response, which is a function of the



Downloaded by [Internationa Hellenic University] at 01:58 11 January 2018

modal parameters. The final phase of this method
was the characterization of the vibration isolation
performance of the 3D printed materials by analyzing
the resonant frequencies and damping.

Regarding to the contribution of the present study,
it is shown a compression characterization and
nanoindentation of PETG reinforced with carbon fibers
with a comparison to unfilled PETG properties, which
are not found in the literature. Moreover, this work
presents the cyclic compression testing of 3D printed
specimens, which is rarely found in previous works
for any printing material. The most usual tests are
tensile and flexural which permit to determine tensile
stiffness properties. In addition, modal tests are also
documented, which are not shown at all in the literature
for such 3D printed systems.

Materials and fabrication of 3D printed
specimens

The main material that has been used in the current
paper is the HDglass™, which is an amorphous and
high strength modified PETG. Such material was pro-
vided in a filament form from Formfutura (Holland)
and it is illustrated in Figure la,b as taken from an
optical microscope. The HDglass™ is transparent as it
is an amorphous filament, which lets 90% of the visible
light pass through and has less than 1% haze. However,
the CarbonFil™ provided by the same company is a

POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING . 3

light-weight and noticeably stift carbon fiber reinforced
filament. The CarbonFil™ filament which is illustrated
in Figure 1c,d is based upon a blend of an HDglass™
compound reinforced with 20% carbon fibers. There-
fore, both materials are comparable with respect to
the addition of reinforcing fibers since the base material
is the same. Both types of filaments provided excellent
3D prints. All specimens tested in this study were
produced on a ZMorph SX FDM open source printer
with a 1.75 mm extrusion nozzle. Only system integrated
(default) variations of production parameters were used
in the comparative analysis. The printing parameters
used were: nozzle extrusion temperature of 230°C, heat
bed temperature of 60°C, deposition line (layer) height
0.2 mm, deposition line width 0.4 mm, and printing
speed of 40 mm/s. Deposition speed was therefore not
considered a variable in this study and a constant
extrusion velocity was selected for all specimens, based
on device parameters (e.g., effective printing range).
Also, printing was performed in a standard laboratory
without temperature or humidity control. The speci-
mens used were cylindrical and had 29 mm diameter
and 12.5 mm height reached with 62 printed layers, as
illustrated in Figure 2a,b. The associated microscope
images are illustrated in Figure 2c-h which show clearly
the direction of FFF line deposition having struts in both
0° and 90° directions from layer to layer. For all speci-
mens four layers were printed on the perimeter to form
the outer shell which is typical in FFF prints.

Figure 1. The filaments used for the 3D printing process: (a, b) PETG and (c, d) Carbon microfiber/PETG.
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Figure 2. Morphology of PETG (a,c,e,d) and carbon/PETG (b,d.f,h) 3D printed specimens.

Experimental tests
Compression tests

Uniaxial compression tests were conducted using a
computer controlled servo-hydraulic single axial test
machine, Zwick equipped with a 100 kN load cell.
Specimens were compressed between hardened steel
compression platens containing a spherical seat to
overcome any small misalignment along the load train.

Lubrication was applied on the surfaces of both upper
and lower platens. The test specimens were placed
between the moving head and fixed head of the test
machine where the compressive strain in this test
reached up to 60% of the original specimen length.
The strain rate was set at 5 mm/min and at least five
specimens were tested. The stress-strain test was
respectively repeated five times for PETG and Carbon/
PETG samples.
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Nanoindentation test

An alternative technique for the determination of the
mechanical properties of polymers is the instrumented
indentation technique, which was utilized in the current
work. This is a simple but powerful testing technique,
which can provide useful information about the
mechanical properties of the 3D printed specimens.
Various studies have compared the results obtained
from nanoindentation instrumented test with the results
obtained from the traditional tensile tests especially for
the elastic modulus calculation.’”*** Nanoindentation
tests involve the contact of an indenter on a material
surface and its penetration to a specified load or depth.
Load is measured as a function of penetration depth.
Figure 3a shows the typical load and unloading

(a) F: peak load A
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LOAD

Perfectly plastic
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N/

A
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O G I8/
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“\ ."
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Figure 3. Schematic of (a) indentation load-depth data of a
viscoelastic—plastic where hp,a is the maximum depth, h, is
the elastic depth rebound, h, is the residual impression depth,
h, is the displacement of the surface at the perimeter and hs¢
is the contact indentation depth and (b) the loading and
unloading surfaces of an indentation (half-section) with the
corresponding indentation depths.
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process showing parameters characterizing the contact
geometry. This schematic shows a generic viscoelastic-
plastic material with the loading OA, and unloading
AB’ segments. The plastic work done in the
viscoelastic—plastic case is represented by the area W1
(OAB’). The area W2 (ABB") corresponds to the elastic
work recovered during the unloading segment. In the
case of purely elastic material, the unloading curve is
a straight line (AB) and h, = h,,, (W2 = 0). In this case,
penetration depth is the displacement into the sample
starting from its surface. Further details on nano-
indentation experimental techniques on polymers can
be found in references.'** "

In the current work the nanoindentations were con-
ducted on a Fischerscope H100 device, with a resolution
of 0.1 mN. The indenter has a Berkovich diamond tip
(the tip shape is a three-sided pyramid, with a triangular
projected geometry and an included angle of 65.3° tip
radius 20 nm). The nanoindentations made on the
surface of the specimens appeared as an equilateral
triangle as shown in Figure 3b. On a given specimen,
various points were selected with the aid of an optical
microscope (which is located in the nanoindenter
instrument), under computer control and these were
purposely scattered on the surface. In the present case,
40 measurements were conducted on each specimen.
Prior to the testing, the indenter area function (that is,
the functional relationship between the projected con-
tact area of the indenter and the contact depth) was
established through calibration of the instrument, using
a fused silica specimen since this material has isotropic
material properties.

Prior to an indentation, the indenter was driven,
under computer control, toward the specimen surface.
After contact, the indenter was driven into the surface,
to a depth of around 1.8 um, at a constant loading rate
of 0.35mN/s, until a peak load of 14 mN was reached
and subsequently the indenter was unloaded using the
same rate. This peak load was then held for 5s (to
minimize the effect of viscoelastic deformation of the
specimen, notably creep, on property measurements)
and then the indenter was unloaded, to a load of
Zero.

The calculation method to determine the modulus
and hardness of the materials used for the 3D printed
specimens were based on the work of Oliver and
Pharr.**) According to this method, the nanoindenta-
tion hardness as a function of the final penetration
depth of indent can be determined by:

(1)
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where P, is the maximum applied load measured
at the maximum depth of penetration (h,,), A is the
projected contact area between the indenter and the
specimen. For a perfect Berkovich indenter, A can be
expressed as a function of the contact indentation depth
hg as:

A = 3\/3h?tan®65.3 = 24.5h? (2)

The contact indentation, hg can be determined from
the following expression:

Pmax
3
: )

where ¢ is a geometric constant ¢=0.75 for a
pyramidal indenter, S is the contact stiffness which
can be determined as the slope of the unloading curve
at the maximum loading point, i.e.,

= (@), ®

The reduced elastic modulus E, is given by:

where f8 is a constant that depends on the geometry
of the indenter. For the Berkovich indenter, f = 1.034.
The specimen elastic modulus (E;) can then be
calculated as:

hf = hmax — &

1 1—-v} 1-—v}

Er B Es Ei

(6)

where ¢, , and v; are the elastic modulus and Poisson’s
ratio, respectively, for the indenter and the specimen. For
a diamond indenter, E; is 1140 GPa and v; is 0.07.

The specimen’s hardness H and elastic modulus E;
were obtained from the set of equations given above.

Cyclic compression tests

Steady state, strain rate-controlled cyclic compression
tests at ambient temperature were performed with
constant strain rates in loading and unloading. The
measurement was performed using a material testing
system (Testometric, UK equipped with a 50 kN load
cell) at a frequency of 0.01 Hz and up to a 5kN load.
The loss of energy in each cycle was calculated from
the hysteresis loop. In the quasi-static regime, the
stress—-strain behavior during loading and unloading
was obtained and each polyurethane demonstrated
hysteresis behavior. The loading and unloading speeds
were set constantly at 5mm/min. At least five 3D
printed specimens were tested under the cyclic

compression loading regime. The cyclic compression
3D printed specimens had the same dimensions with
the compression tests.

Modal tests

A typical experimental apparatus to evaluate the
vibration isolation performance of the 3D printed
composite specimens is illustrated in Figure 4, where a
3D printed specimen is mounted on a dynamometer
with a cylindrical steel mass (1kg) used as a static
preload. The 3D printed composite specimen provides
the stiffness and damping for the SDOF system. An
impact hammer with a high-quality piezoelectric force
transducer (Endevco Model 2302-10) was used to apply
force (input signal) along the center of the mass. The
transmitted force was measured with a Kistler 9257A
three component piezoelectric dynamometer and an
associated charge amplifier. The dynamometer was
secured to a heavy granite block by screws to resemble
clamped boundary conditions. Simultaneously, the
vibratory response (output signal) was recorded
through an acceleration transducer with a sensitivity
of 100 mV/g (Britel & Kjaer 4507B), mounted at the
top of the steel mass, while the sensing cables were kept
in a free state, thereby having a little influence on the
vibration tests. The analog signals of the impact
hammer, the dynamometer and the accelerometer were
amplified and then acquired by an analog-to-digital
converter connected to a computer using Matlab
software for immediate signal processing. The frequency
span of acceleration signals was up to 1600 Hz, the
sampling time was 1 s and the sampling frequency was
4096 samples per second (Hz). So the FFT resolution
for a block size of 4096 samples is 1 Hz. The modal
hammer was calibrated by adjusting the level of the
signal trigger force. Each specimen was tested 10 times
and linear averaging was performed to cancel the effect
of random noise.

E Modal hammer Charge

lﬂliﬁer

l F . A/D converter

/A
®

Granite
rigid table

Figure 4. Experimental setup of modal tests for measuring the
resonant frequencies and damping of 3D printed specimens.
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A specimen with a preload mass can be represented
as a single degree of freedom (SDOF) mass-spring-
dashpot system. The transfer function Gj; characterizes
the relation between input excitation at point i and
output response at point j of the system. For analytical
mode characterization, a genetic algorithm (GA) opti-
mization technique has been used to fit experimental
transfer function data with a set of superimposed,
single-mode response functions.”” ") The vibratory
response can be calculated in terms of displacement,
velocity or acceleration and as a result different terms
have been used for the ratios of response to excitation.
The ratio of the displacement response to the applied
force expresses the receptance (dynamic compliance)
of the system.

Results and discussion

Morphology and mechanical properties of the 3D
printed composites

The morphology of a neat PETG and a Carbon/PETG
3D printed specimens were studied using scanning
electron microscope (SEM) JEOL JSM-840A and the
results are shown in Figure 5. PETG shows a typical
local thickening effect when a strut at 0° direction is
printed on lower layered 90° direction strut. Clearly,
the insertion of carbon fibers had a profound effect
on the overall microscopic appearance and surface tex-
ture of the 3D printed samples. The SEM of the Carbon/
PETG material revealed that the fibers were mostly
aligned with the length of the 3D printing filament,
inside this feeding material, and remained aligned with
the direction of printing within the specimens produced
by FFF. Also, within the carbon/PETG struts a signifi-
cant portion of elliptical pores is revealed. The increased
porosity of such specimens is attributed to the FFF
processing stage. Many of these pores exceed the
20-200 um in the long diameter of the elliptical shape
suggesting that they are not a consequence of any fiber
pull-out but probably from adjacent fiber detachment
during 3D printing deposition. These pores could
behave as stress concentrators during testing, which
would probably contribute to lowering the durability
of the samples.

There is a marked difference of stress—strain curves
under uniaxial compression between the unfilled and
carbon fiber filled polymer of as shown in Figure 6.
For the same stress, it is found that the corresponding
strain of the composite is 66% lower than that of neat
PETG. Evidently, as shown in Table 1, the modulus of
pure PETG was calculated 2671 MPa and it was
improved by the addition of the carbon fibers up to

POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING . 7
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Figure 5. Scanning electron micrographs of (a) PETG showing
the typical the local thickening effect when a strut at 0°
direction is printed on a bottom 90° direction strut and
(b) carbon fiber/PETG parallel struts revealing a significant
portion of elliptical pores probably from debonding of carbon
fibers during the extrusion process.

3482 MPa. Overall, this trend can be profoundly
attributed to the softness of the polymer chain structure
of neat PETG and the stiffness of the carbon fibers.
Nanoindentation test results are also presented in
Table 1 while, typical indentation load-penetration
depth curves of the materials under study are shown
in Figure 7. The indentation load-penetration depth

=
=1

@==PETG ===Carbon/PETG

[ ) w N (% =3
I3 S = S t=)

Compressive stress (MPa)

>

=1

10 20 30 40 50 60
Compressive strain (%)

Figure 6. Stress-strain curves of PETG and carbon/PETG
specimens.
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Table 1. Compressive and nanoindentation properties of the
PETG and Carbon/PETG specimens.

Compression

Nanoindentation

Specimen E-modulus (MPa)  E-modulus (MPa)  Hardness (MPa)
PETG 2671 2619.1 106.2
Carbon/PETG 3482 3413.7 1349

curves were obtained during indenter loading and
unloading. For all samples, the indentation load-
penetration depth curves for various indentation peak
loads correspond very well with one another, indicating
the high accuracy and reproducibility of the indentation
method for the studied materials under mechanical
load. The indentation load-penetration depth curves
for other materials under test indicated creep phenom-
enon of the specimen at peak load of 14 mN. There were
no large differences in creep behavior among the
samples while no discontinuities or steps were found
on the loading curves, indicating that no cracks were
formed during indentation. The indentation depths at
the peak load range approximately between 1.7 and
22pum while the carbon PETG curved showed
characteristically higher elastic recovery (high elastic
deformation). The indentation modulus for the PETG
samples was 2619.1 MPa. The addition of carbon fibers
increased the modulus to 3413.7MPa which is
approximately 30% increase. These values are directly
comparable with the results obtained from the
compression tests despite the fact the strain fields in
indentation are not uniform, therefore also the strain-
rate fields are uniform either; thus, a monotonically
direct comparison of rate dependence to compression
tests should be assumed with carefulness. As expected
the hardness also increased at around 27% with values
of 106.2 and 134.9 MPa respectively.

Hysteresis of the 3D printed materials

Under alternating stress, hysteresis occurs when the rate
of deformation is less than the rate of stress variation. In

16
14 b ——PETG——Carbon/PETG
_12F
el
B
S 61
= 4l
2 F
0 1 | 1
0 0.5 1 1.5 2 2:5
Depth (um)

Figure 7. Load-depth profiles of PETG and carbon/PETG
specimens.

this case, since the absorbed and released energies are
not balanced in each cycle, the stretching and recoil
curve form a closed loop, which is known as a hysteresis
loop. The area within the loop represents the energy
loss. For polymeric materials, a larger hysteresis loop
means higher damping, which more effectively reduces
vibration.*?! The damping constants may be derived
from the area surrounded by hysteresis loops. Based
on the theory of free vibration, the vibration-isolating
capacity of materials can be evaluated from the damping
constant and the hysteresis damping characteristics.
The specific damping capacity (SDC) is given by:

/2

AW
SDC = - x 100% = fo—d.s/ / ode| x 100%
wt=0

(7)

where o is the stress, AW is the energy dissipated in
any one cycle and W is the maximum energy associated
with that cycle. The specific damping capacity can be
related with the loss factor by:

AW
n= (8)
2nW

Figure 8 presents the hysteresis loops curves of 3D
printed composite specimens under compressive
vibration at 0.1 Hz with an ultimate force of 5 kN.
Considering Eqgs. (7) and (8), the energy loss over a
cycle (AW), the maximum energy of that cycle (W)
and loss factor (n) were used to measure the material
damping of the loading-unloading tests, as shown in
Table 2. AW indicates that the antivibration property
of carbon/PETG material is reduced as compared with
the unfilled material. Therefore, the unfilled material
is assumed to enhance much better the ability to trans-
form its kinetics to those of thermal dissipation upon
the application of an external load. Higher damping
constant #, which is the ratio of AW to W, is observed

Stress (MPa)

O 1 1 1
2% 4% 6% 8%  10% 12%

Strain (-)
——PETG——Carbon/PETG

Figure 8. Hysteresis loops of PETG and carbon/PETG specimens.
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Table 2. Damping constants of the PETG and carbon/PETG
specimens.

Area of hysteresis Maximum Loss factor,
Specimen loop, AW energy, W n (%)
PETG 0.164051553 0.301701182 17.3
Carbon/PETG 0.099814423 0.206279043 15.4

for neat PETG specimens and this indicates faster
energy dissipation at particular amplitudes, which
become stable with less vibration. The loss factor for
the PETG specimens was calculated 17.3%, while
15.4% for carbon/PETG specimens.

Dynamic mechanical properties of the 3D printed
composites

The receptance transfer functions (Gi;, Gy;) of the
system were calculated in magnitude, real, and imagin-
ary part. These data were then used to calculate the
resonant frequencies and the loss factors (1) of each
3D printed-mass system. The data were obtained with
curve fitting complex experimental transfer functions
through the GA optimization method.””*" The
analytical transfer functions identified the resonance
of the important longitudinal mode for each of the 3D
printed specimens. The magnitude of the analytical-
experimental receptance functions is shown in
Figure 9. The plotted frequency range was selected from
0 to 200 Hz to identify the first axial mode for the 3D
printed specimens. The resulted frequency response
function (FRF) of each specimen is independent on
experimental noise and modal coupling, since each
mode of the transfer function was identified separately.
The resonant frequencies of the system are indicated by
the peak value of the analytical-experimental FRFs as
shown in Figure 9. Moreover, the resonant frequency

40
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o3
(=)

(=]
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Figure 9. Analytical-experimental FRFs of the PETG and
carbon/PETG 3D printed specimens.
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Table 3. Modal parameters of the PETG and carbon/PETG 3D
printed specimens determined with the transfer function
method.

Modal tests
Resonant frequency Damping (%)
PETG 98 13.8
Carbon/PETG 105 12.3

of the unfilled PETG system is shifted from 98 to
105 Hz in the case of Carbon/PETG. The values of the
identified resonant frequencies of the unfilled and
carbon fiber filled specimens are shown in Table 3. It
is obvious that the frequencies of the fundamental mode
increase with respect to the carbon fiber content. This
was expected since the carbon fiber addition increases
the stiffness of the PETG network due to the higher
stiffness of the carbon fibers. Table 3 also shows the
values of the damping for the tested 3D printed
specimens. Clearly, the addition of carbon fibers in
the PETG matrix has not improved the damping
behavior. The results in this current work verify the fact
that when PETG is loaded with 20 wt% carbon a
decrease of around 11% compared with the PETG speci-
men is attained. These results are in a good agreement
with the cyclic compression tests.

Conclusion

This work presents results for mechanical and dynamic
testing of commercial materials produced by 3D
printing based on FFF. The two printing materials that
were investigated, were PETG and PETG reinforced
with 20 wt% carbon fibers. The specimens were all
printed with direction of FFF line deposition having
struts in both 0° and 90° directions from layer to layer
with constant microstructure and same build para-
meters. Also, for all specimens 4 layers were printed
on the perimeter to form the outer shell. Optical
microscopy revealed certain distinct features especially
for the carbon reinforced PETG samples with significant
debonded areas between struts and substantial amounts
of voids with elliptical shapes in the direction of the FFF
deposition. The mechanical properties of the materials
under study were investigated initially with static and
cyclic compression. As expected the compressive strain
of the unfilled PETG was higher than the one with car-
bon fibers, while the compressive modulus was higher
for the carbon/PETG material. Cyclic compression test
results showed higher loss factor values for the PETG
specimens, which indicated faster energy dissipation at
particular amplitudes; they become stable with less
vibration. Also, the inclusion of carbon fibers in PETG
resulted in moderate reduction of the damping capacity.
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