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ABSTRACT

This study aims to analyse the annealing effect on the mechanical properties of PETG,
carbon fibre reinforced PETG (PETG + CF) and Kevlar fibre reinforced PETG (PETG + KF).
Regardless of the material, the final dimensions vary with temperature and exposure time,
showing that the addition of fibres had no significant influence. On the other hand, the
presence of fibres affects the radius of curvature, but this parameter shows to be very
dependent on the type of fibre. In terms of hardness, higher temperatures and exposure
times generally lead to higher values, achieving improvements of about 20% over untreated
material. Regarding the bending properties, while they increase with exposure time and
temperature for composites, in the case of neat PETG they increase with temperature and
decrease with exposure time. Compared to untreated specimens, the maximum bending
strength observed after the annealing treatment was 10.2%, 31.8% and 11.1% for PETG,
PETG + CF and PETG + KF, respectively, while the maximum bending modulus was 17.6%,
61.1% and 62.6% higher, respectively. Benefits were also observed in terms of impact
strength, stress relaxation and creep behaviour of all materials. For example, after
annealing, lower stress relaxation and creep displacement values were observed.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

continuous filament is extruded through a heated nozzle and
precisely deposited layer by layer to form a printed part.
However, in addition to the benefits associated with low-cost,

Additive manufacturing (AM) is a group of techniques that
was developed to produce three dimensional models, layer-
by-layer, combining several procedures, materials and
equipment [1]. According to American Society for Testing and
Materials (ASTM) [2], this technique can be divided into seven
groups: 1) Vat photopolymerization, 2) Powder bed fusion, 3)
Material extrusion, 4) Material jetting, 5) Sheet lamination, 6)
Binder jetting, and 7) Directed energy deposition [3]. However,
fused filament fabrication (FFF) is the most popular and is
allocated to the material extrusion group [4]. In this case, a
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high speed, relatively simple operating procedure and the
ability to print parts involving multi-materials [5], some dis-
advantages are also recognized like appearance, poor surface
quality [6], few diversities of thermoplastic materials suitable
for the technique [4] and low mechanical properties [7—9].
Therefore, literature reports that optimizing the print pa-
rameters is crucial to obtain high mechanical performances.
For example, according to Mohamed et al. [4], layer thickness,
filament deposition width and orientation, as well as air gap
(in the same layer or between layers) are the main processing
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parameters that affect the mechanical properties of printed
parts. However, due to the complex influence of printing pa-
rameters on the mechanical properties of the final part, it is
important to evaluate their effect together in order to apply to
real manufacturing conditions and respective applications
[10]. According to Wang et al. [11], for example, smaller layer
thicknesses promote higher tensile strength, because higher
layer thicknesses create more interlayer gaps and, conse-
quently, higher amount of air pores in the cross-section.
Kovan et al. [12] reported that layer thickness and print
orientation have a significant effect on the bonding strength of
parts manufactured with FFF. In fact, gaps between rasters
during 3D printing had negative effects on adhesion proper-
ties. Anitha et al. [13] found that layer thickness has the most
important influence on the surface roughness and an inverse
relationship can even be established between layer thickness
and surface roughness. Nancharaiah et al. [14] observed that,
by using a lower value of layer thickness and air gap, surface
roughness could be improved due to the reduction of size and
number of voids between layers. Reducing the size and
number of gaps, the adhesion properties improve and,
consequently, better mechanical properties are achieved.
Gebisa et al. [15] reported that lower raster angles and higher
raster width have the highest influence on the bending
properties of the material. They found that low raster angle
promotes higher bending properties because the filaments are
deposited along the filaments’ length and the bending load
cuts most of the deposited rasters before the part breaks.
Moreover, it was reported that thicker rasters can strengthen
the part, because they can resist the applied load much better
than thinner ones. Ahn et al. [16] found that using a negative
air gap improves the mechanical properties of the materials.
However, it was limited the lower value (than —0.0762 mm)
because excess material can be accumulated on the nozzle
and the part itself. Dawoud et al. [17] reported that a negative
air gap of 0.05 mm can improve the tensile strength of the
material. The reported benefits are attributed to the improved
density of the printed parts, where the rasters can slightly
overlap and generate a stronger interfacial bond between
adjacent rasters. Moreover, positive air gaps lead to week axial
bonds due to the development of in-plane neighbouring cy-
lindrical rasters that barely touch.

In addition to the printing settings, literature also empha-
sizes the benefits achieved with the post-process annealing on
the final mechanical properties [18]. In fact, thermal annealing
or heat treatment is the most popular post-processing method
used to improve the strength and surface quality of FFF prin-
ted parts. Basically, this process consists of heating the poly-
mer to a specific temperature, capable of promoting the
molecular mobility of the polymer chains, keeping it at that
temperature for a certain period of time and gradually cooling
it to room temperature [19]. The temperature selected is
generally higher than the glass transition temperature (Tg) in
order to improve the polymer's crystallinity and, conse-
quently, to obtain higher strength, thermal stability, impact
strength, electrical properties and polymer toughness [20—22].
Hong et al. [23], for example, submitted PLA parts to an
annealing treatment at 130 °C for 300 s and found a 58.3%
increase in bending strength compared to the untreated PLA,
while the compressive strength after treatment at 140 °C for

600 s increased by 39.8%. These improvements were justified
by the increase in the interfacial bonding between layers due
to the heat action. Kumar et al. [24] reported improvements of
7.8%, 8.5%, 5.5% and 9.4% in terms of hardness, tensile
strength, impact strength and bending strength, respectively,
for annealed PETG specimens when compared to PETG spec-
imens without annealing treatment. The same properties
were analysed for annealed PETG + CF and improvements of
14.8%, 22%, 12.1% and 10.5%, respectively, were found. These
benefits were explained by the increasing of the interlayer
diffusion bonding. According to El Magri et al. [25], annealing
at a low heating/cooling rate improves significantly the crys-
tallinity degree and consequently increase the tensile strength
and Young's modulus of the parts. This improvement is
related with a reduction in residual stresses and elimination
of defects due to the post-processing treatment. Barkhad et al.
[26] studied the effect of annealing on the mechanical and
thermal insulation properties of compression-moulded PLA.
When compared to untreated PLA, an increase in compressive
strength and modulus of 84% and 73% was found, respec-
tively. These benefits were attributed to the shaping of the
crystals and spherulites during the annealing. Authors
explained the improvement of the mechanical properties due
to increased bonding of beads and crystallinity. D'Amico et al.
[27] observed that sample's expansion in the direction
perpendicular to the printed layer and deformations can
occurred after annealing above Ty due to residual stresses
present in FFF parts. Wang et al. [28] reported that FFF parts
relieve stress during printing through deformation. Moreover,
Kantaros and Karalekas et al. [29] reported that finished parts
still have residual stresses that may be relieved by annealing
above T,. Therefore, deformation is expected to be present in
annealed samples because stress is relieved through
deformation.

In this context, according to Arjun et al. [30], these two
strategies independent of each other (process parameters and
annealing treatment) are determinants for improving me-
chanical properties, but when combined, they allow to sub-
stantially maximize the mechanical performance of printed
parts. However, Valvez et al. [31] observed that the annealing
treatment affects the geometric and dimensional accuracy of
the parts, which may even limit their applications for struc-
tural purposes. Both the benefits and limitations reported
above were also corroborated by Patel et al. [32] and, in this
context, they suggest further studies involving other materials
and other mechanical properties in order to have a more
complete understanding of the improvements obtained in
parts obtained by FFF.

Therefore, this study aims to optimize the annealing pa-
rameters to neglect geometrical effects and maximize the
mechanical properties of PETG, carbon fibre reinforced PETG
(PETG + CF) and Kevlar fibre reinforced PETG (PETG + KF). For
this purpose, temperatures of 90 °C, 110 °C and 130 °C as well
as exposure times of 30 min, 240 min and 480 min will be
considered. The geometrical and dimensional effects will be
analysed in terms inverse of the sample's radius of curvature
(1/R) and volumetric variation of the samples, while the me-
chanical properties analysed will be hardness, impact
strength, flexural strength, and viscoelastic behaviour. Con-
clusions based on these considerations will be drawn, where
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the effect of annealing treatment on viscoelastic behaviour
will be focus of an analysis not yet available in the open
literature.

2. Materials and experimental procedure

All samples were produced using a B2X300 FDM printer (sup-
plied by BeeVeryCreative, Ilhavo, Portugal). The bulk material
on a form of filament was extruded through a 0.6 mm hard-
ened steel nozzle by a printing head and deposited on a heated
platform in a user-defined pattern to achieve the desired flat
shape.

The material used is Poly (ethylene terephthalate)-Glycol
(PETG), which has chemical alkali resistance, transparency,
gloss, low haze, good printability, among other benefits. These
benefits are further enhanced by the addition of fibres where,
for example, carbon fibres make the composite stronger and
more resilient, as well as significantly reducing the risk of
warping. As conveniently reported in Ref. [33], this makes itan
excellent choice for the automotive sector and other industrial
applications. On the other hand, when Kevlar fibres are added
to a PETG matrix, the field of applications can be extended to
sectors where high resistance to friction and impact are ex-
pected [33]. Therefore, based on these benefits, this study used
commercially available PETG, PETG + CF and PETG + KF fila-
ments. While PETG-based filaments containing aramid and
carbon fibres were supplied by Nanovia (Louargat, France),
neat PETG filament was supplied by FilTech (Baesweiler,
Germany). All details of the materials can be found in the
suppliers' datasheets.

For each material, different printing parameters were used
to maximize the properties of each architecture, which are
summarized in Table 1. For this purpose, a study based on the
Taguchi method was previously developed to carry out the
experimental procedure design, where the specimens were
produced according to the L16 orthogonal array, and an
analysis of variance (ANOVA) was performed, with 95% con-
fidence interval, to assess the printing parameters effect on
the bending properties. All these details can be found in
Ref. [33], where the nozzle diameter and the bed temperature
were always constant parameters with values of 0.6 mm and
80 °C, respectively.

Therefore, as shown in Fig. 1, all samples were printed with
a raster angle (direction of deposition) of 0°, and Fig. 2 shows
the dispersion state of CF and KF into polymer matrix.
Although the fibre dispersion observed is from a PETG + CF
composite, it is also representative of composites reinforced
with Kevlar fibres. In this context, it is possible to conclude
that there is a good dispersion of fibres in both composites
(PETG + CF and PETG + KF) and an almost total absence of
agglomerates.

Subsequently, immediately after printing, the samples
were subjected to an annealing treatment in a Heraeus oven,
model UT 6060 (supplied by Heraeus Noblelight GmbH, Hanau,
Germany). The geometry of the samples used in this work is
shown in Fig. 3, and Table 2 reports the temperature and
exposure time used in this study for all materials. Both pa-
rameters were selected based on a study developed by Bhan-
dari et al. [19], in which authors studied a similar polymer, and

ensuring that all temperatures are above the T, of the mate-
rials. The specimens were laid upon a flat steel plate and
placed in the oven which, after programmed temperature and
time, were cooled still inside the oven to room temperature in
order to maximize the crystallinity in the specimen [19].

Samples with dimensions of 85 x 12.7 x 4 mm? were used
to evaluate the volume variation after annealing, and the
average values were obtained by four measurements along its
length and 10 measurements along its width and thickness.
Finally, the curvature radius (R) of the specimens was ob-
tained with a Mitutoyo PJ-P1010A profile projector, as shown
in Fig. 4, and calculated by equation (1), that was based in
trigonometrical formulations:

c? 4+ 4d’
=8 (1)

The inverse radius of curvature (1/R) was used to compare
the annealing treatment effect on the final planeness of the
samples. The hardness was obtained using an HMV-G Shi-
madzu tester according to the ASTM E 384-99 [34], where a
load of 98.07 mN (HV 0.01) for 15 s was applied at room tem-
perature. For each configuration, at least, 15 measurements
were considered. Impact tests were carried out according to
ASTM D256-04 [35] using samples with dimensions of
100 x 10 x 4 mm?® and an Instron Ceast 9050 machine equip-
ped with a pendulum of 5 J. For each condition, 10 specimens
were tested at room temperature as shown in Fig. 5 (Fig. 5a).
Finally, the bending tests were carried out according to ASTM
D790-17 [36], using a Shimadzu universal testing machine,
model Autograph AG-X, equipped with a 5 kN load cell, and a
span of 64 mm). As shown in Fig. 5 (Fig.5b), samples with
85 x 12.7 x 4 mm?> were used and, for each condition, 5
specimens were tested at room temperature and at a
displacement rate of 2 mm/min. The bending properties were
obtained using the following equations [36,37]:

R

3PL
o= 5
2bh

(2)

APL3
~28aul 3)

where P is the load, L the span length, b the width, h the
thickness of the specimen, I the moment of inertia of the cross
section, AP the load range, Au the bending displacement range
in the mid span for an interval in the linear load-displacement
region of the graph. The bending modulus (E) was obtained by
linear regression of the load-displacement curves considering
the interval in the linear segment with a correlation factor
higher than 95% [37].

Regarding the viscoelastic behaviour, stress relaxation
tests were carried out in the same machine (Shimadzu, model
Autograph AG-X) and using the same device (see Fig. 5b), with
similar samples to those used in the bending tests
(85 x 12.7 x 4 mm?) and the same spam (64 mm). The tests
were carried out in accordance with ASTM E328-13 standard
[38], where a fixed deflection/strain (correspondent to 50% of
the maximum bending stress) is applied, and the bending
stress recorded during the loading time (180 min). In this case,
the deflection used correspond to 36.3 MPa, 40 MPa and 25 MPa
for PETG, PETG + CF and PETG + KF, respectively. In terms of
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Table 1 — Printing parameters used for each material.

Material Nozzle Extruder Printing speed Layer Infill Bed
diameter [mm] temperature [°C] [mm/s] height [mm] [%] temperature [°C]

PETG 0.6 265 20 0.4 100 80

PETG CF 0.6 195 60 0.52 100 80

PETG KF 0.6 265 20 0.35 100 80

creep tests, they were carried out in the same machine and
using the device shown in Fig. 5, with similar samples used in
the stress relaxation (85 x 12.7 x 4 mm?®) and with the same
spam (64 mm). These tests were performed in accordance
with ASTM D2990-09 standard [39], where a fixed stress/load is
applied (36.3 MPa, 40 MPa and 25 MPa for PETG, PETG + CF and
PETG + KF, respectively), and the displacement recorded
during the loading time (180 min).

3. Results and discussion

The annealing treatment effect on the final dimensions of the
samples was evaluated and Table 3 shows the results in terms
of average volumetry and respective standard deviation (SD).
It is possible to observe that both variables (temperature and
exposure time) have a strong effect on the final dimensions of
the samples. Positive variations mean that the specimens
have increased in size, while negative variations indicate that
the specimens have shrunk. For example, for neat PETG a
difference of 10.5% is observed between the highest and
lowest values obtained. However, this value is about 10.8%
and 5.7% for PETG + CF and PETG + KF, respectively. In a more
detailed analysis, compared to control samples, an exposure
to 90 °C for 30 min increases the volumetry of all materials, but
when the exposure time increases, whereas carbon fibre

B2x20 ;|

reinforced composites show a tendency to decrease, the other
materials show a slight upward trend. Compared to the tem-
perature of 110 °C, regardless of the material, an exposure
time of 30 min promotes an increase in volume, but for higher
values there is a decrease, reaching, particularly in compos-
ites, dimensions even smaller than those observed for control
samples. Finally, for the temperature of 130 °C, an exposure
time of 30 min causes an increase in volume, except for carbon
fibre reinforced composites that shrink. However, when the
exposure time increases, the dimensions of the specimens
decrease, even to values lower than those of the untreated
specimens, except for Kevlar composites that show a slight
tendency to increase.

Therefore, the addition of fibres to the matrix has no sub-
stantial influence on the dimensional variation, nor does it
establish a clear trend (increase or decrease). In fact, the
annealing treatment promotes a competition of phenomena,
which are even more expressive when fibres are added to the
matrix. For example, shrinkage after annealing is expected
due to densification of the crystal structure and increased
bonding [40]. On the other hand, thermal annealing relieves
residual stresses and, consequently, promotes an expansion
in the layering. These residual stresses are unavoidable
because they result from the printing process. For example,
whenever there is a layer deposition, there is a cooling of the
extrusion temperature to approximately the chamber

Fig. 1 — Details of the 3D printer producing a specimen in an environmentally controlled room.
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Fig. 2 — Dispersion state of CF and KF into polymer matrix.

temperature, but the next deposition instantly raises the
temperature of the previous layers to close to the extrusion
temperature, causing a large and sudden expansion of the
previous layers, introducing, in this case, thermal stresses
[41]. Furthermore, dimensions can be affected in any of the
three axes (%, y and z) due to shrinkage or expansion that re-
sults from how the samples cool and how the stresses and air
bubbles become locked between the layers [42]. In this case
the randomness of the results is even higher and, for example,
an analysis in terms of individual dimensions (length, width,
and thickness) reveals that PETG and PETG + CF shrink along
the length, while expansion and contraction occur for
PETG + KF. In terms of thickness, it was found that all mate-
rials expanded, with the highest values observed for
PETG + CF, while the lowest ones were very close for neat
PETG and PETG + CF. Valvez et al. [33], for example, analysed
the thermal conductivity of these materials and found that
the highest value occurs for PETG + CF, because carbon fibres
are excellent thermal conductors [43,44]. Therefore, thermal
annealing is expected to relieve more residual stresses in this
material than in the others and, consequently, promote
higher expansion [41]. Finally, in terms of width, it was
observed that neat PETG expands for all analysed conditions
(temperature and time), while PETG composites showed a
randomness between expansion and shrinkage. For example,

Fig. 3 — Geometry of the specimens (L = 85 mm and
W = 12.7 mm for static and viscoelastic bending tests, and
L = 100 mm and W = 10 mm for impact tests).

Table 2 — Annealing parameters for all materials.

Samples group Temperature [°C]| Time [min]
1 90 30
2 90 240
3 90 480
4 110 30
5 110 240
6 110 480
7 130 30
8 130 240
9 130 480

Fig. 6 shows this evidence, where in Fig. 6a) the first image on
the left illustrates a sample subjected to 90 °C for 30 min
(sample group 1 of Table 2) and the last image on the right
illustrates a sample subjected to 130 °C for 480 min (sample
from group 9, from Table 2). Regardless of whether the image
illustrates the dimensional variations for PETG composites
with carbon fibres, it is representative of all materials.
Therefore, this detailed analysis by axis (Fig. 6a and b) shows
that, due to the randomness of the values obtained, there is no
preponderant dimension over the others in terms of expan-
sion/shrinkage, nor is it possible to establish a clear trend
regarding the effects of the annealing treatment.

Regarding the radius of curvature (R), Table 4 presents this
parameter in terms of inverse radius of curvature (1/R) to
compare the effect of the annealing treatment on the geom-
etry of the samples.

Different from volume variation, the presence of fibres
affects the radius of curvature, but this parameter shows to be
very dependent on the type of fibre. For example, while
composites involving Kevlar fibres bend at temperatures
above 110 °C (and for any exposure time), those reinforced
with carbon fibres bend only at temperatures of 130 °C and
exposure times higher than 240 min. On the other hand, the
neat polymer (PETG) bend for all temperatures and exposure
times, except for the temperature of 90 °C and exposure times
of 30 min and 240 min. According to the literature, this can be
explained by the internal stresses that occur during the cool-
ing phase and act mainly in the upper layers of the samples
[45]. The deposited layers can present three phases during
their thermal history: solid phase, molten state, and cooling/
solidification. In this context, each layer experiences a
different thermal history and, due to uneven heating of the
samples, interlayer stresses easily arise that promote sample's
deformation [46]. On the other hand, the increase in crystal-
lization due to the annealing process leads to less curvature of
the sample [45]. Therefore, the competition of these two
phenomena explains the curvature of the specimens, but it is
not surprising that higher temperatures and exposure times
lead to smaller radius of curvature due to a higher crystalli-
zation of the specimen.

In terms of hardness, Table 5 shows the average values
obtained for the different materials and test conditions
analysed.

For all materials, it is possible to observe that higher tem-
peratures and exposure times generally lead to higher hard-
ness values. This is due to lower internal stresses and more
uniform connections between layers [42]. On the other hand,
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Fig. 4 — Scheme used to determine the (R).

annealing treatments reduce the surface roughness, which
can lead to higher hardness values. Nevertheless, regardless
of whether annealing reduces surface roughness, the indenter
may encounter a peak or a valley which, due to non-uniform
contact, justifies the observed dispersion [42].

Regarding the bending properties, the annealing effect was
studied using three-point bending tests, and Figs. 7—9 show
typical bending stress-strain curves for all materials. They are
representative of all others obtained for each configuration. It
is possible to observe a linear increase of the bending stress
with the strain (linear elastic region), followed by a non-linear
behaviour in which the maximum bending stress is reached.
Kevlar composites are an exception to this behaviour, where a
brittle behaviour is observed for the highest temperature
(130 °C). It is also possible to notice that, in general, the
annealing treatment promotes longer linear regimes as well
as higher bending stress and modulus. On the other hand, the
strain at maximum bending stress decreases. Another evi-
dence is that, in this treatment, both temperature and expo-
sure time influence the mechanical properties, but in a
different way between the neat polymer and the fibre rein-
forced one.

Failure modes are shown in Fig. 10 for neat PETG and
PETG + KF composites (which is also representative of
PETG + CF) and for samples subjected to a temperature of
110 °C and an exposure time of 30 min. However, they are
representative of all conditions analysed in this study.

In terms of neat PETG (Fig. 10a), it is possible to observe that
the main damage mode occurs by plastic deformation, which
increases from the neutral axis to the external fibre where the
tensile stress is maximum (see top and lateral views in
Fig. 10a). In this case, there is no sample breakage or visible
cracks, but some microcracks are also expected due to the
interlayer debonding that can be favoured by the existing
voids. In terms of composites (Fig. 10b), it is notable the exis-
tence of cracks that start at maximum bending stress point,
which result from the mixed mode of failure and consequent
rupture of the printed layers. The micrograph in Fig. 10b
shows, for example, fibre fracture and the pulling of some fi-
bres from the matrix occurring simultaneously. This is
explained by the fact that, in the first case, both the adhesion
and the length of the fibre wetted by the matrix present high
enough values to support the shear stresses that occur along
the fibre/matrix interface. On the other hand, the opposite
situation leads to fibre pull-out because the shear stresses at
the interface are not sufficient to prevent slippage. This
micrograph, when compared to Fig. 2, also shows that the
annealing treatment does not affect the dispersion of the fi-
bres in the matrix. In this case, the absence of fibre agglom-
eration does not compromise the benefits reported in the
literature [47—49]. The agglomeration results in defects, which
act as local stress concentrations and the consequent
decrease in the mechanical performance of the composite. In
addition, the fibres are not completely wetted by the resin and
limit their main function within the polymer matrix related to
stress transfer [47,50,51].

A detailed analysis based on the previous curves is sum-
marized in Table 6 and Table 7 for the maximum bending
stress and bending modulus, respectively. These tables pre-
sent the mean values and respective standard deviations for
all materials and conditions analysed. Therefore, it is possible
to observe that, for both properties, there are two different
behaviours. In terms of neat PETG, for example, bending

Fig. 5 — Device used in: a) Impact tests; b) Bending tests (for static and viscoelastic tests).
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Table 3 — Volume variation after the annealing heat treatment

Samples Group PETG

PETG + CF PETG + KF

[mm?] Variation [%] [mm?] Variation [%] [mm?] Variation [%]

Control 4171 + 38.7 = 4575.0 + 21.9 = 4513.3 +47.1 -

1 4271.4 + 50.3 +2.4 4732.8 + 38.6 +3.4 4689.5 + 159.0 +3.9
2 4260.9 + 25.5 +2.2 4636.7 + 37.9 +1.3 4565.3 + 52.4 +1.2
3 4295.4 + 35.0 +3.0 4594.6 + 103.3 +0.4 4715.8 + 47.6 +4.5
4 4313.8 + 46.4 +3.4 4761.9 +49.4 +4.1 4614.6 +71.8 +2.2
5 4170.9 + 35.6 —24x10°° 4476.8 + 5.2 -2.1 4460.2 + 55.8 -1.2
6 4175.2 + 93.2 +0.1 4479.6 + 34.4 -2.1 4507.8 + 60.8 -0.1
7 4416.9 + 34.5 +5.9 44451 + 22.3 —-2.8 4604.1 + 118.1 +2.0
8 3998.2 +45.1 —4.1 44279 +74.4 —-3.2 4711.7 + 56.7 +4.4
9 4048.1 + 62.0 -2.9 4296.1 + 29.0 —6.1 4642.4 + 66.4 +2.9

strength and stiffness increase with temperature, while
exposure time leads to an opposite trend, regardless of the
annealing temperature studied. Regarding the composites,
both properties generally increase with exposure time and
temperature. However, a more detailed analysis reveals that
the maximum bending strength for neat PETG is obtained for
130 °C and an exposure time of 30 min, leading to an increase
of 10.2% over the control specimens, while for composites it
occurs for the highest temperature and exposure time (130 °C
and 480 min). In this case, the improvements are around 31.8%
for composites with carbon fibres and 11.1% for composites
with Kevlar fibres.

The bending modulus for neat PETG presents the highest
value for temperatures of 90 °C and 130 °C (in both cases with
an exposure time of 30 min) and promoting improvements of
around 17.6% in relation to the control samples. In terms of
composites reinforced with carbon fibres, the highest value
occurs for the highest temperature and exposure time (130 °C
and 480 min) with an improvement of 61.1% compared to the
control samples. On the other hand, for composites reinforced
with Kevlar fibres, the highest bending modulus occurred for
90 °C and an exposure time of 240 min, which is 62.6% higher
than the value observed for the control specimens.

Therefore, the benefits observed for the polymer can be
explained by the crystallinity of the material and the cross-
linking of the molecular chains. In this case, higher

2000000a0C

a)

temperatures accelerate the interlayer diffusion of polymer
molecules and promote stronger bonds (consequently better
mechanical properties) [52—56]. Higher temperatures also
provide more energy to increase the crystallinity degree
[42,57—59], however, in this case, longer exposure times are
not recommended due to the thermal degradation of the
polymer [60,61]. In terms of composite materials, other vari-
ables must also be considered to explain the mechanical
properties obtained, such as the voids between adjacent fila-
ments and the degree of diffusion at the interfaces (resulting
from a complex print history) [57]. In the case of voids, there is
consensus that both filaments and printed parts have more
voids than bulk materials. For example, while in filaments
they result from bubbles formed by entrained air during the
addition of fillers to the polymer, in printed material they
result from constraints (clogging, abnormal feed flow) in the
extruder nozzle during printing [62]. In this context, higher
temperatures and exposure time are favourable, because they
reduce voids (the material fills more voids) and, consequently,
increases the interlayer bonding (higher interlayer strength),
[19,63,64]. In this process, the different viscosity that occurs
during the annealing treatment is decisive in filling the voids,
but also because it promotes a minimization of the internal
molecular stresses with the consequent internal reorganiza-
tion (relaxation of the polymeric structure and reorientation
of the polymeric chain structure towards the fillings) [25].

UT AT 4 mm

10 mm

Fig. 6 — Dimensional changes: a) For all annealing conditions; b) Comparison between a sample subjected to annealing

(130 °C for 240 min) (AT) with an untreated one (UT).
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Table 4 — Inverse radius of curvature (1/R) after the annealing treatment. Dimensions in mm.

PETG + CF PETG + KF

Samples Group PETG
Control 0

1 0

2 0

3 43%x10%+87 x10°°
4 79%x10*+82x10°°
5 13 x107*+1.4 x 107
6 15%x 103 +12 x 107>
7 18x103+19x10°°
8 21x103+18 x 10~
9 35x103+48x10°

o O O

0
1.1 x 1072 +1.5 x 10~°
1.4 x 1073 £2.9 x 10~
1.7 x 103 +£3.7 x 10~
0 1.8x103+£15x%x10°°
51x10%+17 x 10~ 21x 1073 +27 x 10™°
23x10%+21x10° 27 x103+15x10°°

O O O O O o o

Finally, for any composite and regardless of the
manufacturing process, the adhesion properties between
filler-matrix are also very important to improve the mechan-
ical properties of a composite material. In this context, liter-
ature acknowledges the good fibre/matrix adhesion for glass
and carbon fibres, while Kevlar fibres are recognized for
establishing a weak fibre/matrix adhesion [65], which justifies
the results obtained. In fact, composites reinforced with
Kevlar fibres showed the worst results due to poor fibre/matrix
adhesion. Therefore, if there is no degradation of the material,
the increase in temperature and exposure time promotes an
improvement of bending properties by increasing the inter-
facial bond between the rasters [23].

Charpy impact tests were also performed to study the
annealing effect on the impact strength, and the results ob-
tained for the different conditions analysed are shown in
Fig. 11. Impact strength is defined as the resilience value at
break point [66], and it should be noted that the conditions
used for the annealing treatment are 90 °C and 30 min for
PETG and 90 °C and 240 min for PETG + CF and PETG + KF,
respectively. These treatments were selected to combine the
maximization of the properties reported in Tables 5—7 with
the minimization of the geometric effects reported in Tables
3—4 It is also worth mentioning that the printing parameters
were different for the different materials, which aimed to
maximize the bending properties of each one of them. For
these conditions, it is possible to observe from Fig. 11a) that
the highest impact strength is obtained for neat PETG, but
when carbon and Kevlar fibres are added, this value decreases
around 82.6% and 89.5%, respectively. In terms of energy
absorbed (Fig. 11b), the neat polymer has the highest value

(78.9%), but when fibres are added this value decreases in
proportions very similar to those reported previously.

On the other hand, it is possible to observe that the
annealing treatment improves the impact strength for all
analysed materials. Compared to untreated specimens, the
highest improvement was observed for PETG + KF with 16%,
followed by PETG (8.1%) and PETG + CF (3.5%). In addition to
the intrinsic properties of the materials that explain these
results, literature also reports that the impact properties are
mainly influenced by porosity, molecular bonding, and inter-
layer adhesion, which depend on printing parameters [67]. In
fact, the presence of voids decreases the amount of material
capable of absorbing impact energy [67,68]. Therefore, the
annealing treatment proves to be beneficial, and the observed
improvements can be explained by the increase in the inter-
layer bonding due to the filling of voids by some material [19].

Finally, the annealing effect on stress relaxation and creep
behaviour is shown in Fig. 12. The annealing treatments were
similar to those used in the impact study and the tests carried
out for stress levels corresponding to 50% of the maximum
bending stress.

In terms of stress relaxation, Fig. 12a) plots the average
bending stress versus time, where o is the bending stress at
any given moment of the test and o is the initial bending
stress. As expected, a decrease in stress is observed that does
not reach a constant value because it is a short-term test.
However, these tests represent an easy, fast, and reliable
method to predict long-term behaviour [69].

For untreated materials, it is possible to observe that the
material with the lowest sensitivity to stress relaxation is neat
PETG, while the most sensitive is PETG + CF. In the first case,

Table 5 — Annealing treatment effect on the hardness.

Samples Group PETG

PETG + CF PETG + KF

[MPa] Variation [%)] [MPa] Variation [%)] [MPa] Variation [%)]

Control 9.8 +0.3 = 11.7 + 0.8 = 11.7 + 0.9

1 11.2 + 0.4 13.4 124 + 0.7 5.6 119+ 1.2 1.3
2 10.4 + 0.8 5.3 12.8 +1.0 9.2 12.0 £ 0.9 2.3
3 10.7 + 0.3 8.4 13.4 + 0.5 14.3 122 + 1.0 3.8
4 11.7 £ 0.5 19.2 125+ 0.9 7.1 125+ 04 6.4
5 10.3 + 0.3 4.8 12.9 + 0.5 10.1 129+ 0.8 10.5
6 105+ 0.5 7.2 140+1.2 19.6 13.1+0.9 11.7
7 10.8 + 0.5 9.9 12.3 + 0.9 4.9 134 +1.2 14.8
8 10.8 £ 0.2 9.3 13.0 £ 0.9 11.2 141+ 0.6 20.2
9 11.0 £ 0.3 11.9 14.8 + 0.9 26.1 14.2 + 0.7 21.6
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Fig. 7 — Bending stress-strain curves for PETG showing the effect of: a) Exposure time; b) Temperature.

the stress decreases by 10.5% in relation to its initial value,
while for composites reinforced with carbon fibres this value
is around 19.4%. PETG + KF composites lie between the two
with a decrease of 13.9%. In terms of neat polymer, this
decreasing is explained by molecular rearrangements that
require little formation or rupture of primary bonds, while
from a chemical point of view by the chain scission, crosslink
scission or crosslink formation [70—72]. In addition, for prin-
ted materials, any decohesion that may occur between the
printed interface layers or voids between adjacent printed
layers contribute to a further decrease [73]. On the other hand,
when polymers are reinforced with fibres, they hinder the
molecular flow in the matrix and, consequently, delay the
relaxation process [74]. In this case, the interface properties
are decisive because relaxation is due to the breaking of bonds
and their propagation. One more time, the voids between
adjacent printed layers contribute to a further decrease in

100
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g
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stress [73]. However, contrary to what would be expected, the
fibres seem to induce higher sensitivity. For example, in terms
of PETG + KF, this material is subject to a bending strain cor-
responding to an initial bending stress of 23.8 MPa (29% lower
than that applied to neat PETG) and, even then, it relaxed more
than neat polymer (10.5% and 13.9%, respectively). This is
clear evidence that, for the same bending strain, the
PETG + KF composite would relax more than neat PETG,
revealing a weak fibre/matrix interface, as well as the exis-
tence of voids already reported. In addition, Kevlar fibres have
a polymeric nature, making them more sensitive to stress
relaxation and creep behaviour than carbon and glass fibres
[75]. In terms of PETG + CF composite, which presents the
highest stress relaxation, it should be noted that the test was
performed with a bending strain corresponding to a bending
stress of 39.5 MPa (17.7% higher than that of neat PETG). Even
so, the bending stress after 180 min was higher than the initial

100
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=
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Fig. 8 — Bending stress-strain curves for PETG + CF showing the effect of: a) Exposure time; b) Temperature.
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Fig. 9 — Bending stress-strain curves for PETG + KF showing the effect of: a) Exposure time; b) Temperature.

value used for neat PETG. In fact, increased bending strain
promotes higher stress relaxation due to changes in mecha-
nisms. For smaller bending strains, the stress relaxation is
mainly induced by the molecular rearrangements and/or
chain scission, while for higher bending strains it is due to
damage and its propagation [73]. In the latter case (higher
bending strains), the phenomenon becomes more expressive
because voids already exist.

The same analysis reported above can be extended to the
annealed materials, but in this case the decrease in bending

stress after 180 min of testing was only 3% for neat PETG, 6.8%
for PETG + CF composite and 6.3% for the PETG + KF com-
posite. In relation to the values obtained for the untreated
specimens, these values are 71.8%, 64.7% and 54.5% lower,
respectively. As mentioned before, this improvement is due to
lower voids content and higher strength between layers ob-
tained with the annealing treatment [19].

Concerning the annealing effect on the creep behaviour,
Fig. 12b) shows the displacement-time curves for each mate-
rial. The annealing treatments were similar to those reported

Top view

Fig. 10 — Failure modes for: a) Neat PETG; b) PETG + KF composites.
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Table 6 — Annealing treatment effect on the bending stress.
PETG

Samples Group PETG + CF PETG + KF

[MPa] Variation [%)] [MPa] Variation [%)] [MPa] Variation [%]

Control 669+ 1.4 - 79.2 +1.0 - 47.7 + 1.0 -

1 72.6 £+ 0.8 8.4 783+ 1.0 -1.2 48.6 + 1.5 1.8
2 70.7 + 0.9 5.6 79.8 + 3.3 0.7 50.1+1.7 4.9
3 68.9 + 1.2 2.9 819+ 1.8 34 51.0 + 1.8 6.9
4 734+ 1.0 9.7 76.7 + 1.3 -3.2 49.6 + 1.0 4.0
5 71.3+1.2 6.6 76.5 + 3.0 —3.5 522+ 1.3 9.3
6 68.5 + 3.1 2.4 86.0 + 2.6 8.5 52.5+3.2 10.1
7 73.7 £35 10.2 83.7 £2.3 5.6 50.5 +2.2 5.9
8 719+ 1.0 7.5 97.2 +3.3 22.7 52.8 +1.6 10.7
9 68.0 + 1.8 1.6 1044 £33 31.8 53.0+ 1.5 11.1

Table 7 — Annealing treatment effect on the bending modulus.

Samples Group PETG

PETG + CF PETG + KF

[MPa] Variation [%)] [MPa] Variation [%] [MPa] Variation [%)]

Control 1.7 +2.0 x 1072 — 3.6 +0.2 = 1.5 + 0.03

1 2.0 + 6.0 x 102 17.6 4.4 +0.2 23.0 1.8 + 0.09 20.2
2 1.9 +4.0 x 1072 11.8 4.7 +0.2 32.0 2.5 +0.09 62.6
3 1.9 +8.0 x 1072 11.8 4.6 +0.5 29.0 2.1 +0.05 36.3
4 1.8 +7.0x 1072 5.9 45+0.1 25.3 1.9+ 0.18 25.7
5 1.8 +3.0 x 1072 5.9 44+02 22.6 2.1 +0.06 38.9
6 1.8 +0.1 5.9 5.1+0.1 439 2.1 +0.07 34.1
7 2.0 +5.0 x 1072 17.6 4.9 +0.07 39.0 1.8 £ 0.09 20.1
8 1.9+ 8.0 x 1072 11.8 54 +0.2 51.1 2.2 +0.03 46.7
9 1.8 +7.0 x 1072 5.9 5.8+0.2 61.1 2.2 +0.03 46.7

above and the stress levels corresponding to 50% of the
maximum bending stress. The average curves were obtained
dividing the displacement (D) at any time during the test by
the initial displacement (D). All curves show an instanta-
neous displacement, followed by the primary and secondary
regimes that characterize typical creep curves. The third
regime will be expected to occur only for higher stress values
or longer times.

Similar to what was observed for stress relaxation, the neat
PETG showed the lowest creep displacement followed by the

PETG + KF and PETG + CF composites with very close values.
For example, after 180 min and compared to the neat polymer,
the dimensionless creep displacements are 9.5% and 10.2%
higher for PETG + KF and PETG + CF composites, respectively.
In terms of neat polymer, the creep phenomenon occurs even
at room temperature and for stresses below the ultimate
strength, which is explained by the molecular motion in
backbone polymer arrangement [76—79]. It would be expected
that elastic deformation and viscous flow would be delayed
with the incorporation of the fibres into the polymer, but this
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Fig. 11 — Impact response for the different conditions analysed in terms of a) Resilience; b) Absorbed energy.
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Fig. 12 — a) Stress relaxation curves; b) Creep curves.

phenomenon did not occur for the same reasons explained in
detail for stress relaxation. However, after annealing process,
all these values decrease. For example, in terms of neat PETG,
this treatment decreased the creep displacement after
180 min by around 3.5% compared to untreated specimens,
while the creep displacements after annealing are only 1.3%
and 7.1% higher for PETG + KF and PETG + CF composites,
respectively. In fact, the interlayer adhesion and the fibre/
matrix interface prove to be determinants with regard to
thermal and mechanical properties [80—82].

4, Conclusions

In this study, the benefits obtained with the annealing process
were evaluated through the comparison of the mechanical
properties with the geometric changes resulting from this
type of treatment. For this purpose, PETG, carbon fibre rein-
forced PETG (PETG + CF) and Kevlar fibre reinforced PETG
(PETG + KF) were used to study the effect of different fibres in
this post-process treatment.

It was possible to conclude that, after annealing, the
dimensional tolerances were affected. Shrinkage and expan-
sion were observed, regardless of temperature and exposure
time, a behaviour that did not change with the presence of
fibres. On the other hand, the presence of fibres affects the
radius of curvature, but this parameter shows to be very
dependent on the type of fibre. In general, lower temperatures
and exposure times were found to promote better dimen-
sional stabilization.

In terms of hardness, it generally increased for higher
temperatures and longer exposure times. For PETG, the
highest increase occurred at 110 °C and 30 min of exposure
time, a value 19.2% higher compared to the untreated ma-
terial. However, for both composites, the improvements
were 26.1% and 21.6% for PETG + CF and PETG + KF,
respectively, which were obtained at 130 °C and 480 min.
Regarding the bending properties, for neat PETG they

increased with temperature and decreased with exposure
time, regardless of their value. For composites, they
increased with exposure time and temperature. For the
maximum bending strength, an increase of 10.2%, 31.8% and
11.1% was observed for neat PETG, PETG + CF and PETG + KF,
respectively, compared to the untreated material. In terms of
bending modulus, these values are 17.6%, 61.1% and 62.6%
respectively.

However, due to design considerations, the geometric ef-
fects must be minimized. In this context, optimal annealing
conditions were selected, combining the maximization of
hardness and bending properties with the minimization of
geometric changes. Therefore, based on these premises, ma-
terials studied, and values considered, the annealing treat-
ment must be carried out at 90 °C for 30 min for neat PETG and
90 °C and 240 min for composites. Finally, for these values, the
annealing treatment increased the impact strength around
8.1%, 3.5% and 16% for neat PETG, PETG + CF and PETG + KF,
respectively. Furthermore, this treatment also promotes
lower stress relaxation and creep displacement. In terms of
stress relaxation, for example, the benefits obtained, in rela-
tion to the values obtained with untreated specimens, corre-
spond to values around 71.8%, 64.7% and 54.5% lower for
PETG, PETG + CF and PETG + KF, respectively. On the other
hand, this treatment decreased the creep displacement by
about 3.5% for neat PETG, and the values for PETG + KF and
PETG + CF composites are only 1.3% and 7.1% higher (in
relation to the neat PETG value), respectively. These im-
provements are a consequence of the lower content of voids
and higher interlayer adhesion obtained with the annealing
treatment.
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