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Abstract: This work aims at the determination of the coefficient of thermal expansion (CTE) of
parts manufactured through the Fused Deposition Modeling process, employing fiber Bragg grating
(FBG) sensors. Pure thermoplastic and composite specimens were built using different commercially
available filament materials, including acrylonitrile butadiene styrene, polylactic acid, polyamide,
polyether-block-amide (PEBA) and chopped carbon fiber-reinforced polyamide (CF-PA) composite.
During the building process, the FBGs were embedded into the middle-plane of the test specimens,
featuring 0° and 90° raster printing orientations. The samples were then subjected to thermal loading
for measuring the thermally induced strains as a function of applied temperature and, consequently,
the test samples” CTE and glass transition temperature (Tg) based on the recorded FBG wavelengths.
Additionally, the integrated FBGs were used for the characterization of the residual strain magnitudes
both at the end of the 3D printing process and at the end of each of the two consecutively applied
thermal cycles. The results indicate that, among all tested materials, the CF-PA/0° specimens
exhibited the lowest CTE value of 14 x 10~°/°C. The PEBA material was proven to have the most
isotropic thermal response for both examined raster orientations, 0° and 90°, with CTE values of
117 x 10~%/°C and 108 x 10~¢/°C, respectively, while similar residual strains were also calculated
in both printing orientations. It is presented that the followed FBG-based methodology is proven to
be an excellent alternative experimental technique for the CTE characterization of materials used in
3D printing.

Keywords: coefficient of thermal expansion; glass transition temperature; residual strains; fiber
Bragg gratings; raster orientation; Fused Deposition Modeling; thermoplastic materials; carbon
fiber-reinforced polymers

1. Introduction

Additive Manufacturing (AM) is a fast-growing technology which has gained signifi-
cant attention since its inception in the 1980s, owing to its great advantage of producing
structures with intricate geometrical features that are difficult or even impossible to be
manufactured via conventional subtractive techniques. Even though the adoption of AM in
various industries was initially centered around prototyping purposes, there is nowadays
an immensely increasing need for the direct manufacture of functional end-use products
via AM methods.

Fused Deposition Modeling (FDM) is one of the most popular and widely spread
AM techniques, and is based on the idea of melting extrusion of a polymeric filament
and subsequently depositing it in the form of adjacent rasters on a build platform. The
rasters’ re-solidification initially leads to the formation of 2D cross sections which stack
together in a layer-by-layer manner in order to create the final complex 3D structures.
So far, a great variety of pure thermoplastic materials are available to be used in the
FDM process. Furthermore, filaments with fiber reinforcement in the polymeric matrix
have been developed, especially for high-performance applications, due to the enhanced
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mechanical and thermal properties that they provide [1-3]. The reinforcement can be
in the form of discontinuous (chopped) or continuous (long) fibers of carbon, and of
glass or aramid material [4-7]. In general, the most suitable printing material is selected
each time, depending on the performance and particular properties required for the final
structural component.

The intricate internal architecture of the final FDM structures, composed of partially
bonded rasters and voids, governs their overall thermo-mechanical behavior. This internal
architecture, leading to anisotropic properties, is strongly dependent on the selected pro-
cess parameters, such as printing speed, printing orientation, nozzle and build platform
temperatures, etc., as well as on the manufacturing process itself, which is featured by the
exhibition of non-uniform temperature gradients and recurrently occurred heating and
rapidly cooling cycles. Therefore, the final properties of the FDM parts can deviate from
the feedstock’s bulk material properties. Furthermore, the aforementioned heating and
cooling cycles, exhibited during the deposition process, provoke the development and
accumulation of residual stresses and strains in the fabricated components. Apart from
their influence on the thermo-mechanical performance of the 3D-printed parts, thermal
residual stresses and strains can lead to manufacturing and product quality issues, such as
a part’s detachment from the build platform, distortions and warpage phenomena, intra-
and/or inter-layer cracking, dimensional inaccuracy or even overall failure of the struc-
ture [6,8-12]. Based on all of the above, it is evident that knowledge of the residual strains
and/or stresses and thermal and mechanical properties of FDM parts produced by different
filament materials is essential in order to enable safe design of structural components and
facilitate the widespread adoption of end-use 3D-printed parts.

While extensive research has been undertaken up to now, with a focus on the me-
chanical properties of parts produced via FDM, the published research data regarding the
thermal properties of 3D-printed structures are still scattered. More specifically, among
the various thermal properties, the coefficient of thermal expansion (CTE), defined as the
change in unit length per degree of temperature change, is a material property of great
importance, since it is highly related to thermal deformation, as well as the induced residual
stresses and strains in the produced FDM components. Thus, CTE'’s characterization for
the various different filament materials available in the market with respect to the selected
manufacturing process parameters is more than critical.

Based on the available literature, a number of different experimental techniques have
been employed for the CTE’s determination of FDM parts fabricated using various ther-
moplastic or composite feedstock materials. Botean [13] investigated the linear CTE of
polylactic acid (PLA), employing an optical method for measuring deformations called Digi-
tal Image Correlation (DIC). Baker et al. [14] conducted CTE measurements in both the axial
and transverse directions of FDM specimens composed of acrylonitrile butadiene styrene
(ABS), polyurethane (PU), polylactic acid PLA and conductive PLA, using a dilatometer. In
addition, a differential dilatometer was employed in the research work conducted by Motoc
et al. [15] for the examination of the linear CTE of PLA 3D-printed samples with different
infill densities. Radulescu et al. [16] proposed a relatively simple device to allow direct
observation of spiral polymeric test samples during thermal or negative thermal expansion.
The spiral test parts were manufactured by the 3D printing of four different polymeric
materials, namely ABS, PLA, PU and polyethylene terephthalate (PET). It was found that
the negative thermal expansion had the highest values in the case of the PET material, while
the lowest values were obtained in the case of thermoplastic PU. In [17], thermomechanical
analysis (TMA) tests were performed in three different measuring directions (axial, trans-
verse and through the thickness) for FDM samples made from ultra-performance materials,
namely polyetherimide (PEI) and polyetherketoneketone (PEKK), in order to assess the
anisotropy of linear CTE and irreversible thermal strains. Bute et al. [18] also performed
TMA tests for the evaluation of the linear CTE and irreversible thermal strains in three direc-
tions (X, Y and Z) for various commonly used thermoplastic materials in FDM technology.
In terms of CTE’s investigation in composite materials, Faust et al. [19] conducted Dynamic
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Mechanical Analysis (DMA) tests on specimens made of nylon-based filaments reinforced
with discontinuous carbon fibers, as well as of unreinforced nylon-based polymers. The
CTE of all considered materials was determined for XY and ZX printing orientations with
0°, £45° and 90° infill patterns. Based on the obtained results, it was shown that the CTE
is dependent on the printing orientation of the part. Additionally, it was concluded that
nylons reinforced with discontinuous carbon fiber present more anisotropic CTE properties
compared to unreinforced nylon material.

Even though there is very limited research work conducted in this area, an excellent
alternative experimental technique for the CTE’s evaluation is presented to be the use of
fiber Bragg grating sensors (FBGs). FBGs provide a wide range of advantages, including
micro-strain accuracy, non-invasive embedment due to their small size and light weight
characteristics, fast response, high sensitivity, signal integrity, long-term stability, immunity
against electromagnetic radiation, insensitivity to radio frequency interference and good
corrosion resistance [20,21]. Additionally, FBGs can be suitably embedded within a struc-
ture, leading to a good interfacial bonding between the sensor and the host material for
proper stress/strain transfer [22]. Based on the abovementioned, Economidou et al. [23]
investigated the applicability of FBGs for measuring the CTE of FDM parts made of ABS
material. The specimens were fabricated with various different raster orientations, namely
0°,30°, 45°, 60° and 90° in respect to the samples’ long axis. It was shown that the CTEs
presented mild variations as a function of raster orientation. Kousiatza et al. In [6], authors
performed CTE measurements on 3D-printed continuous fiber-reinforced thermoplastic
composites through the embedment of FBGs sensors within the built parts. The composite
samples consisted of carbon or glass fiber reinforcement, having various fiber reinforcement
orientations, namely £45°, 0° and 90° or +45° with respect to the samples’ longitudinal
axis, respectively. The results indicated that the calculated CTE values are vigorously
affected by the fiber type and orientation. Furthermore, in [24], fiber optic Bragg gratings
were used for measuring the CTE values in 3D-printed continuous carbon fiber-reinforced
polymeric composites. All of these works clearly demonstrate the FBG sensors” ability to
accurately determine the thermal expansion behavior of pure thermoplastic and composite
structures fabricated via the FDM process.

The current study focuses on the CTE’s experimental characterization of FDM parts
fabricated from pure thermoplastic and composite materials through the integration of FBG
sensors within the test samples’ middle-plane. The specimens were 3D printed using five
different commercially available filament materials, namely acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA), polyamide (PA), polyether-block-amide (PEBA) and chopped
carbon fiber-reinforced polyamide (CE-PA) composite. FBG recordings were derived for the
calculation of the developed thermal strains. Then, the CTEs of the built test samples were
calculated by taking the slope of the linear segment of the thermal strains vs. temperature
graphs, while the specimens’ glass transition temperature (Tg) was also determined. The
effect of the rasters’ deposition orientation on the CTEs’ behavior was identified. Finally, the
residual strain magnitudes were investigated via the embedded FBGs, at a post-fabrication
state, where the test samples were fully detached from the build platform, as well as at the
end of each of the two consecutively applied thermal cycles.

2. Materials and Methods
2.1. Test Specimens’ Fabrication and Thermal Cycling

Five commercially available filament materials were used to fabricate two test speci-
mens per studied material for CTE measurements, namely ABS, PLA, PA, PEBA and CF-PA
composite. The test samples with dimensions 8.4 x 40 x 20 mm? were printed using a
Flashforge (Flashforge 3D Technology Co., Zhejiang, China) Creator 3 desktop 3D printer.
The nozzle and bed temperatures for specimens’ manufacture are given in Table 1. The
print head speed was 3000 mm/min. The layer thickness was set at 0.2 mm with 100% infill.
Specimens of 42 layers were built with raster orientations of 0° and 90° in respect to the
specimens’ long axis, as shown in Figure 1b.
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Table 1. Materials’ printing temperatures.
Material Manufacturer Selected Extrugler Selected Be((:} Temperature,
Temperature, (°C) O
Addigy Covestro—ID1030 CF10
CF-PA (Covestro AG, Leverkusen, Germany) 285 100
Taulman—Bridge Nylon
PA (Braskem SA, Sao Paulo, Brazil) 255 65
eSUN—Gray
ABS (Shenzhen Esun Industrial Co., 240 100
Shenzhen, China)
PM—White
PLA (Plasty Mlade¢, Harovice, Czech 210 65
Republic)
Flexfill—PEBA 90A
PEBA (Fillamentum Manufacturing Czech 245 100

s.r.0., Hulin, Czech Republic)

Print orientation Q

0° raster orientation

90° raster orientation

(a) (b)

Figure 1. Schematic representation of (a) the FBG sensor location within the 3D-printed specimen
and (b) the raster orientations in respect to the specimens’ long axis.

The specimens were subjected to thermal cycling under no mechanical stimulus
in an environmental test chamber with a temperature programming system. A K-type
thermocouple was placed in the vicinity of each test specimen for recording the temperature
close to the specimen area. Heating involved increasing the temperature in a stepwise
manner by 1 °C/min for 10 min, starting from around 30 °C up to 120 °C. Upon reaching
each temperature plateau, the temperature within the chamber was kept constant for 15 min
to achieve thermal equilibrium between the specimen and the surrounding environment
before recording the Bragg peak wavelength value. A low heating rate was selected
to avoid thermal gradients in the specimens during the heating stage. The materials’
CTE was calculated by taking the slope of the linear segment of the thermal strain (¢1,)
vs. temperature (T) graphs. At the end of the heating cycle, the specimens were left
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to cool naturally back to room temperature. The heating—cooling cycle was repeated
sequentially twice.

Single FBG sensors (ATGrating Technologies Co., Ltd., Shenzhen, China) were lon-
gitudinally embedded in the specimens’ midplane (on top of 21st layer), as presented in
Figure 1a. The sensors employed a low attenuation 125 um diameter standard single mode
fiber (SMF28-C). The length of the uncoated inscribed grating was 3 mm and the resulting
reflection spectra were in the 1550 nm (£0.5 nm) wavelength range. Spectral measure-
ments were obtained using a FiberSensing FS2100/FS2200 BraggMETER (Hottinger Briiel
& Kjeer GmbH, Darmstadt, Germany) interrogator equipped with four optical channels.
Initial wavelength measurements were performed prior to the printing process at room
temperature (23 °C £ 2 °C), as well as at the end of the specimens’ fabrication. Afterwards,
wavelength measurements were taken throughout each heating cycle and at the end of
each cooling cycle. The wavelength measurements taken at room temperature were used
as the reference value (Ap) for calculating the residual strains at the end of the printing
process and the applied thermal cycles.

The materials” CTE was obtained from the second heating stage, since it is reported
by Economidou et al. [23] that the first thermal cycle is expected to lead to unreliable CTE
values. This is due to the inherent structural characteristics of and voids’ (porosity) presence
in mesostructures fabricated via FDM methods. Additionally, the raster orientation can
influence the extent of the grating’s integration within the surrounding material. It is
reported that when the applied temperature exceeds the material’s Ty temperature, the
mesostructure gets rearranged and the voids’ geometry is modified, producing alterations
to the sensor—polymer material interface. As a result, any initial fiber-host material bonding
imperfections are reduced during the first thermal cycle, leading to enhanced interfacial
bonding. It is assumed that only voids close to the grating sensor’s position will play a role
in the strain transfer mechanism, whereas the ones located away from the interfacial region
and the grating length will not influence the FBG-host material strain transfer.

2.2. Fiber Bragg Grating Sensors Working Principles

A Bragg grating is a structure inscribed along a length of an optical fiber, resulting
in a periodic variation in the refractive index of this fiber core’s segment. The Bragg
grating’s fundamental purpose is the selective reflection of light signals combined in a large
reflection, which occurs at a specific wavelength, called the Bragg wavelength, Ao, while
all other light signals at a different wavelength are transmitted unaltered. The reflected
signal is featured by a peak centered on the Bragg wavelength, which is linked to the fiber
core’s mean effective refractive index, n,5, and the grating period, Ao, through the Bragg
condition: Apg = 2ng5Ag [25-27].

External changes occurring across the grating region, including stress, stain or tem-
perature variations, directly affect both 1, and A¢ parameters, thus leading to a shift in
the reflected Bragg wavelength peak. When the embedded FBG sensor into a host material
is subjected to a homogenous axial strain ey (x is the direction of fiber axis) and/or a
uniform temperature change AT # 0, and given the assumption that the applied to the fiber
transverse strains ¢; and ¢, are related to the axial one, &x by ¢, = ¢; = —Vf&x, with vf being
the Poisson’s ratio of the fiber (vf = 0.16-0.19 for E-glass fiber [28]), then the wavelength
shift is described as

Alp

oo = (1= pe)easia + (1= pe) (@ —af) AT + (ap +¢)AT (1)

where p, is the effective fiber strain—optic constant (p. ~ 0.215 [29]), ¢ is the thermo-
optic coefficient of the fiber ({ ~ 8.3 X 10~6/°C [30]), oy is the CTE of the fiber core
(ap~ 8 x 10~7/°C [31]) and a,;, is the CTE of the host material. In Equation (1), &;yigl
accounts for the solidification-induced residual strains during the printing process and the
term (ay, — a)AT for the thermal strains developed due to the mismatch between the CTEs
of the optical fiber and the host material.
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When recordings are taken at room temperature where AT = 0, Equation (1) is reduced
to the following simple form that can be used to calculate the magnitude of the resulted
residual strains at the end of the printing and thermal treatment processes:

Mg

1 = (1 - pe)eresiduul- ()
BO

When the embedded FBG sensor into a host material is subjected to a uniform tem-
perature change AT # 0, while there is lack of any applied mechanical loading, then
Equation (1) is replaced by the following one:

Mg/ Ago = (1— pe)el + (af + c;‘)AT 3)

where

el = (am - af)AT 4)

Combining Equations (3) and (4), while solving for a,,AT, the thermal strains (g, Ty in
the host material during the heating cycle are given by

P M/t (1= poagAT - (af+g)AT

The wavelength measurements derived by the integrated FBG sensors during the two
consecutive heating cycles were used to calculate the thermal strains in the host materials
based on Equation (5). The materials’ CTE can be calculated by taking the slope of the
linear segment of the thermal strain (¢},) vs. temperature (T) graphs.

3. Results and Discussion

The FBG-based calculated thermal strains developed during the first and second heat-
ing cycles are plotted as a function of temperature in Figures 2-6 for the five materials. As
mentioned above, the CTEs were obtained from the second heating cycle, since microstruc-
tural changes (e.g., voids filling) are expected to take place during the first one, leading
to alterations at the FBG sensor—host material interface resulted at the end of the printing
process. The first thermal cycle is reported in [23] to improve the sensor—host material
bonding and enhance the strain transfer between the polymer material and the measuring
grating of the fiber sensor. From the thermal strain vs. temperature plots presented in
Figures 3-6 corresponding to PA, ABS, PLA and PEBA, it is seen that during the initial
thermal response of the tested materials, in both 0° and 90° raster orientations, similar
CTE values can be calculated for both thermal cycles. It is worth mentioning that CTE
determination from the recorded FBG wavelength measurements is based on the local
in-situ response of the thermally loaded FDM printed materials, eliminating thus the effect
of any fabrication non-uniformities (e.g., non-uniform density due to gaps of different sizes)
that can affect the values of the calculated CTE [16].

The overall thermal expansion behavior of the CF-PA material is presented to be
quite similar for both sequential heating cycles corresponding to the 0° and 90° raster
orientations, respectively. The same behavior is also observed for PA and PEBA in both
the 0° and 90° raster orientations, as well as for ABS/0° and PLA /90° materials. It is seen
from Figure 2 that the thermal behavior of the CF-PA/0° orientation is stable, leading to
the same CTE value of a = 14 x 107%/°C throughout both applied thermal cycles. This
low magnitude designates the crucial role that the short carbon fibers, aligned along the
0° printing direction, play in the thermomechanical behavior of the printed specimen. On
the other hand, the CF-PA/90° thermal expansion is influenced by the expansion of the
PA tmatrix.
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Figure 2. Thermal strains developed during heating cycles for the CF-PA material (0° and 90°
raster orientations).
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Figure 3. Thermal strains developed during heating cycles for the PA material (0° and 90° raster

orientations).
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Figure 4. Thermal strains developed during heating cycles for the ABS material (0° and 90° raster
orientations).
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Figure 5. Thermal strains developed during heating cycles for the PLA material (0° and 90° raster

orientations).

The CTEs calculated from the graphs of the second heating cycle are presented in
Table 2. It is evident from Figures 2-6 that along the thermal strain vs. temperature plots,
different linear sections can be identified to calculate the corresponding CTE values. In
Table 2, only the CTE values of the tested materials at a 25 °C to around 50 °C temperature
range are presented along with ones reported in other research works. It is seen that the
FBG-based CTE values are comparable to the ones reported in the literature and that the
semi-crystalline polymers such as PA, PLA and PEBA have a higher CTE than amorphous
ones like ABS.
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Figure 6. Thermal strains developed during heating cycles for the PEBA material (0° and 90°
raster orientations).
Table 2. Coefficients of thermal expansion and Ty for all studied materials.
Material Raster Temperature CTE, Literature Tg Literature
Orientation Range, (°C) (10-6/°C) CTE, (106/°C) Q) Tg, (°C)
0° 25-40 14+1 22 [19] - -
CE-PA 90° 25-60 86 + 3 95 [19] 8242 -
PA 0° 25-40 118 £5 126 [18] 52 +2 50-55 [32]
90° 25-50 119+5 120 [18] 82 +2 -
ABS 0° 25-50 86 +3 90 [18], 102 [23] 92+2 107 [33]
90° 25-50 89 +3 93 [18], 115 [23] 92 +2 -
PLA 0° 25-50 96 +5 100 [18] 62 +2 57 [33]
90° 25-30 9 +5 102 [18] 42 +2 -
0° 25-50 117 +5 - - -
PEBA 90° 25-40 108 + 5 - - -

It is important to mention that the CTE values of the printed materials reported in the
present study would be different from those of the corresponding bulk materials. However,
for the ABS, PLA and PA printed materials, the FBG-based calculated CTEs are comparable
to the ones reported in other research works, where different experimental methods were
used, such as thermomechanical analysis in [18] or the dilatometer in [14].

For the unreinforced materials PA, PLA and ABS, the peak of their curves designate the
point at which the materials soften entering in a viscous state. This softening temperature
could be used as an approximation of the materials Tg. The T values for these materials
are also presented in Table 2. On the other hand, no softening point is determined for the
CF-PA/0° and PEBA (0° and 90° orientations) materials which exhibited identical thermal
response for both thermal cycles.

The resulted residual strains at the end of the printing process and at the end of
the two consecutively applied thermal cycles are presented in Table 3 and in Figure 7.
All measurements were taken at room temperature with the test specimens resting in an
unconstrained manner on the printing bed and oven platform, correspondingly.
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Table 3. FBG-based measured residual strains.
Measured Residual Strains, £ (10~6)
Material Raster Orientati
atena aster Lrientation End of Printing End of 1st Thermal Cycle  End of 2nd Thermal Cycle
0° —1571 —1607 —1663
CE-PA 90° _3514 —2114 —2681
PA 0° —1842 —2040 —1361
90° —7615 —5678 —6588
0° —6565 —6231 —5753
ABS 90° 3156 —6643 —6944
0° —2188 —3465 —644
PLA 90° —1273 —1034 —1882
0° —4807 —5671 —5579
PEBA 90° 4664 —6099 3554
-8000 Printing @ 1st cycle © 2nd cycle
-7000
__ -6000 ”é
'3 -5000 g 7
g ,4 7
= -4000 % 2
: Z 7
% -3000 7 7
J 4 zz
-2000 : % /
- 7 ,/, 4 ¢
1000 z 4 7 é
o B % % % %
0° 90° 0° 90° 0° 90° 0° 90° 0° 90°
CF-PA PA ABS PLA PEBA

Figure 7. Resulted residual strains at the end of the printing process and at the end of the two thermal
cycles for the studied materials and raster orientations.

At the end of the 3D printing process, it is observed that the magnitude of the calcu-
lated residual strains is considerable. The anisotropic character of the printed structures
resulted in noticeable differences in the calculated strains for all materials, except for PEBA,
when the rasters” deposition orientation was parallel and perpendicular to the measuring
grating of the optical fiber.

Regarding the CF-PA and PA materials, higher strains were developed in the 90°
compared to 0° printing direction in all cases. On the other hand, the 0° building orientation
led to higher strains for the PLA material. As far as the PEBA is concerned, similar residual
strains were calculated in both printing orientations at the end of the printing process
as well as at the end of the first thermal cycle, demonstrating a more isotropic structural
behavior. Comparable strain values were also observed for the ABS material at the end of
the first and second thermal cycling, respectively, due to internal gaps filling, which led to a
more isotropic mesostructure. The lowest residual strains were obtained for the CF-PA/0°,
PA/0°, and PLA/0° and PLA /90° materials.

4. Conclusions

The purpose of this study was to investigate the thermal expansion characteristics
of five common thermoplastic materials using an embedded FBG sensor in 3D-printed
samples. The recorded FBG wavelength changes induced with temperature increase in a
preselected thermal cycle were used to calculate the resulted thermal strains during heating.
These strains, when plotted versus temperature, led to the determination of the materials’
CTE from the initial linear section of the plot. Additionally, the embedded FBG sensor was
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used to evaluate the resulted residual strains in the test samples at the end of the printing
process and at the ends of the consecutively applied thermal cycles.
The main results of the study were as follows:

1. The locally calculated CTEs and Tg values, based on the FBG sensor response to
temperature increase, are comparable to the CTEs reported in literature, determined
using other measuring methods, such as TMA or dilatometry.

2. For most of the tested materials, their thermal response was similar in both consecu-
tively applied thermal cycles.

3. The CF-PA/0° specimens exhibited the lowest CTE value of 14 x 107%/°C, as a result
of the presence of the short carbon fibers aligned in the 0° printing orientation.

4. The PEBA material was proven to have the most isotropic thermal response for both
examined raster orientations of 0° and 90°, with CTE values of 117 x 10~¢/°C and
108 x 107%/°C, respectively. This isotropic behavior is also evident from the similar
residual strains calculated in both printing orientations at the end of the printing
process as well as at the end of the first thermal cycle.

5. The sensor-based calculated residual strains were of considerable magnitude from
measurements taken at room temperature at the end of the printing process and at
the ends of the applied thermal cycles.

6.  Considering that the present work has validated the methodology of measuring CTE
using FBG sensors on a wide range of 3D-printed materials, a future research work
could use FBG sensors for mechanical characterization of the studied materials.
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