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Additive manufacturing has high potential to achieve a low carbon footprint
because it offers the possibility of fabricating components without using
manufacturing tooling. However, the mechanical properties of printed
components need improvement. The flexibility of the designs generated by
controlling the input of the material during filament extrusion in additive
manufacturing allows the fabrication of components without tools; however,
crystallization occurs because of the temperature gradient in the printed layers
and the layers added during printing. Temperature governs polymer
crystallization kinetics. Because the material extrusion process is non-
isothermal at the welding interface, polymer crystallization kinetics and degree
of crystallization are determined by the thermal history developed during
manufacturing. Crystallization worsens the mechanical properties because
internal forces are concentrated due to the residual stresses present during
cooling. There is a wide range of literature and research on the effect of
post-heat treatment on improving mechanical properties in metals. To the
best of our knowledge, studies on the post-processing of 3D-printed
polymers are limited. This research proposes post-processing to homogenize
the structure of the printed component through thermal treatment to improve
the ultimate tensile strength of Onyx. Annealing and normalizing treatments
almost doubled the mechanical strength of raw printed Onyx.
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1 Introduction

Since its introduction, 3D printing has been used to develop prototypes using additive
techniques such as stereolithography, selective laser sintering, digital light process, multi-jet
fusion, PolyJet, direct metal laser sintering, electron beam melting, and material extrusion
(Wu et al., 2023). Additive manufacturing (AM) with material extrusion is one of the most
commonly used printing technologies. AM generates a 3D component layer by layer, and
the physical printing configurations and manufacturing parameters are chosen depending
on the printing configuration and geometry. In AM, the gradient temperature is changed
during the printing and cooling stages after the material is extruded and deposited on the
layer; this temperature history affects the mechanical performance of the printed
component. This manufacturing technology is versatile, as the printing parameters such
as stacking sequence, raster angles, nozzle temperature, and layer height can be customized.
The position and alignment of the printed layers and the overall parameters affect the
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mechanical strength parameters such as material stiffness (Young’s
modulus), strain, and ultimate tensile strength (Sangaletti et al.,
2024; El Essawi et al., 2024).

Some filament materials used as matrix materials in 3D printing
are polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
thermoplastic polyurethane (TPU), glycol-modified polyethylene
terephthalate (PETG), and a nylon-reinforced fiber known as
Onyx; the component to be printed can be reinforced with fibers
such as Kevlar, glass fiber, and carbon fiber (Rahmatabadi et al.,
2024; Soltanmohammadi et al., 2024). Onyx allows generating novel
structures based on low production volumes, by design, resistance,
and failure processes (Lin et al., 2024). Onyx has the potential to
develop components that can withstand dynamic loads, having a
resistance to mechanical fatigue (Jimenez-Martinez et al., 2023).
Similarly, mechanical impact absorbers have been proposed, with
the ability to have a percentage of recovery in the process of energy
absorption (Jimenez-Martinez et al., 2025).

The implementation of additive manufacturing enables the
manufacturing of low production volumes without the need for
special tools. However, the same flexibility results in areas of
opportunity for qualitative and quantitative aspects. Among them
are surface finish, precision, and lower mechanical properties
(Sawant et al., 2023). The advantages of 3D printing include ease
of manufacturing complex geometries, but the components
generally have poor mechanical properties because of the
anisotropic behavior generated by printing defects between layers
and defects such as air voids and poor bonding. These shortcomings
influence the microstructure and mechanical properties of the
printed component (Eren et al., 2023; Bayati et al., 2025).

The mechanical strength of a polymer can be improved by post-
processing. As part of the post-processing, physical and structural
aspects of the component are improved by developing a drying
process, improving the adhesion of the printed layers by reducing
the porosity (Pascual-González et al., 2024). The mechanical
behavior of the printed polymer components is influenced by
post-printing treatments that have a physical effect on both the
surface finish and the mechanical properties. Some treatments can
be chemical or thermal, such as coatings, polishing, sandblasting,
and steam smoothing (Khosravani et al., 2023a).

Szust and Adamski increased the tensile strength of printed
polyethylene terephthalate (PET) components three times using
post-treatments (Szust and Adamski, 2022). Sanding improves
the surface roughness between 3% and 25%, having an impact
not only on the surface finish but also on the precision (Sawant
et al., 2023). Another process to improve the performance is the
infiltration, which increases the mechanical resistance up to 10%
(Ayres et al., 2019). Acetone and its vapors have been used to modify
the surface finishing and the mechanical properties in components
of printed acrylonitrile butadiene styrene (ABS) (Khosravani et al.,
2023a; Aguilar et al., 2024).

Jimenez-Martinez et al. enhanced the fatigue life of printed PLA
(Jimenez-Martinez et al., 2024); this improvement was consistent
with the results reported by Ramalingam et al. (2021). In both
studies, the mechanical performance of printed components was
enhanced through post-heat treatment. Thermal treatment involves
heating the component to a specified temperature and then cooling
it with different ramps and media. Temperature governs the
polymer crystallization kinetics. Because the material extrusion

process is a non-isothermal process at the welding interface,
polymer crystallization kinetics and degree of crystallization are
determined by the thermal history. Moreover, the impedance of
crystallization for semi-crystalline polymer across the welding
interface causes poor weld quality, which further deteriorates the
mechanical performance (Rabbi et al., 2021; Nikiema et al., 2023a;
Vorkapić et al., 2022).

The mechanical properties of printed parts are poorer than those
of other additive materials formed by methods such as injection;
printed parts have approximately 30% less strength, reducing the
feasibility of using these parts as structural components. The
mechanical behavior depends on crystallinity and deals with the
anisotropy of the component. The problems caused by the effect of
the thermal history between different filament layers and voids can
be reduced by post-treatment. This process is a numerical function
x → Ux of a variable (Xs), where the variable may be temperature,
cooling ramps, cooling time, cooling medium, or configuration
space; for example, the oven chamber space and its
characteristics. The optimum range of auxiliary heating
temperature is between the glass transition temperature (Tg) and
melting temperature, which is lower than the degradation
temperature (Yu et al., 2020; Goo et al., 2020). The mechanical
performance of the polymers is a function of the manufacturing
process that generates a specific lamellar thickness, and crystallinity
is represented by the microstructural section of the component.
Complete crystallization is allowed to standardize the full volume;
the degree of crystallinity (Xc) is the amount of the crystal material
in the space (ξ). When crystallization is completed, XC = 1;
otherwise, it is expressed by Equation 1 as follows depending on
the maximum crystallinity at the time of completion of space-
filling XC∞:

XC � ξ ·XC∞ (1)

Using a post-treatment, the crystalline state is modified by a
secondary crystallization process. Isothermal crystallization depends
on time, temperature, and cooling rate (Parodi et al., 2017; Delbart
et al., 2023).

The degree of crystallinity can be described by Equation 2
as follows:

XC � 1
w

ΔHm − ΔHc

Δ0
m

(2)

where ΔHm is the enthalpy of fusion; ΔHc is the enthalpy of cold
recrystallization; Δ0

m is the enthalpy of fusion for 100% crystalline; w
is the mass fraction.

The temperature used in the thermal treatment promotes
spherulite nucleation and growth, and the temperature can be set
between the glass transition temperature and the extrusion
temperature because minimal thermal degradation occurs at the
printing temperature (Das et al., 2021). Cooling time is the key factor
in post-heat treatment. The temperature range is defined by the
temperature reached during the thermal treatment and the time for
which it is maintained; under this assumption, different strengths or
ductilities can be achieved by manipulating the time duration by
considering the crystallinity along with the cooling process
(Chapman et al., 2021). Thermal history generates and controls
the structure crystallinity (Riggins et al., 2024). To bridge this gap,
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researchers have explored thermal post-treatments, such as
annealing and normalizing, to relieve internal stresses, promote
polymer crystallization, and improve interlayer adhesion in printed
Onyx and analogous polyamide 6 (PA6) carbon fiber composites.
The expected 3D printed properties are poorer than those achieved
by traditional methods because of the inhomogeneous building in
3D printing, generating a brittle structure.

Annealing involves heating the printed part to an elevated
temperature, typically between the polymer’s glass transition and
melting point, for a period, then cooling slowly. For semi-crystalline
polymers like nylon (PA6), this can increase crystalline phase
content and allow polymer chains at layer interfaces to diffuse
and re-bond, strengthening the part. In the case of PA6-based
composites, optimal annealing is often done near the
PA6 melting point. Handwerker et al. (2021) report that
annealing PA6 composites for ~ 6 h at ≈ 200 °C (around PA6’s
melt temperature) yielded the greatest improvements in mechanical
performance. In the study, annealing led to a three-fold increase in
Young’s modulus and a 50% increase in ultimate tensile strength
(UTS). A critical mechanism behind these improvements is
increased polymer crystallinity and improved fiber–matrix
interaction after heat treatment. The strength/stiffness gains are
attributed to better interlayer fusion and reduced defects: at 200 °C
anneal, many internal voids were eliminated, though some porosity
remained and contributed to embrittlement (Equation 3, 4). This
embrittlement phenomenon is commonly reported: as parts become
more crystalline and less ductile, tensile elongation at break tends to
drop (Kechagias et al., 2025).

Tujmer and Pilipović (2025) observed more moderate but still
significant gains in short carbon fiber PA6 prints: with proper
annealing, tensile strength improved by up to 16.7%, and tensile
modulus improved by up to 35%. Their statistical analysis confirmed
temperature as the dominant factor. Higher annealing temperatures
(110 °C–170 °C) produced better strength/stiffness outcomes than
lower temperatures or shorter times. In fact, the highest gains in
their work occurred at 170 °C (near PA6’s softening point ~ 180 °C),
although they caution this is close to the point where the nylon
matrix begins to soften and risks dimensional deformation. Thus,
annealed Onyx/PA6-CF prints are stiffer and often stronger but also
more brittle than as-printed parts.

A post-heat treatment is proposed to improve the mechanical
properties. Two types of thermal treatments were performed:
annealing and normalizing. Normalizing at 135 °C makes it
possible to increase the tensile strength to almost 90% of the
ultimate tensile strength (UTS), whereas annealing at the same
temperature increased UTS to 110%.

Thus, the novelty of this study lies in directly analyzing the
behavior of Onyx in its pure form, without reinforcement, because,
to the best of the author’s knowledge, most current studies only
analyze metals or similar materials and not printed polymers.

2 Materials and methods

A Markforged Mark Two printer was used to fabricate all the
specimens in this study. The filament used was Onyx (diameter:
1.75 mm; color: black). Onyx has a nylon matrix reinforced with
random short carbon fibers (Li et al., 2024). Although the type of

nylon used in Onyx is not specified by the brand, Huang et al.
suggested that it is Polyamide 6, which has a melting point of
221.7 °C (Khan and Ahmed, 2015). However, it is mixed with a
carbon fiber of diameter 7 μm, and its printing temperature is 273 °C.
Figure 1 shows the schematic printer with two nozzles: one for the
matrix and one for the fiber reinforcement. In this study, only the
matrix nozzle is used because the main target is to analyze the
thermal treatment effect on the mechanical performance of Onyx, as
the final printed component, without reinforcement. The matrix
material has an isolation chamber to prevent humidity absorption.
This polymer reacts with oxygen duringmelting and extrusion in the
nozzle, causing undesirable oxidation and degradation of the
material. Onyx is made mainly of nylon, which absorbs more
water than other materials such as PLA. The humidity
absorption of filaments influences the saturation level, which is
highly dependent on humidity and temperature, and hence, it affects
the crystallinity process and worsens themechanical performance by
plasticization (Nikiema et al., 2023a).

The test component has a dog bone geometry based on ASTM
D638 type 1. The gauge is 3.2 mm thick, and the calibrated length,
width and total length are 50 mm, 13 mm, and 165 mm, respectively,
as shown in Figure 2.

The model was developed using Catia software and exported to
Stl files (STereoLithography). The customized printing parameters
were as follows: an infill percentage of 100%, no reinforcement, a
layer height of 0.1 mm, a printing process involving 32 layers, raster
of 45°, no support with two wall layers, and an extrusion temperature
of 273 °C (Nikiema et al., 2024; Coca-Gonzalez et al., 2025).

Once printed, the components were allowed to cool to room
temperature and kept in a confined space before beginning the
thermal process. Humidity is not considered, even though Onyx,
which is made of nylon, is sensitive to moisture absorption.
However, this effect occurs after 165 days of exposure, absorbing
2% and reducing the stiffness of the component by 50%–65%
(Nikiema et al., 2023a; Faust et al., 2021). Annealing and
normalizing were performed using a Thermolyne furnace model
FA1740-1 (Figure 3) with a programmable temperature controller to
ensure calibration and instrumented with thermocouples. Once the
desired temperature was reached, the oven was left empty for 2 h to
ensure uniform temperature.

The chamber was preheated to the desired temperature. The
thermal annealing and normalization protocols are shown in Figure 4.
In the case of normalization, at the end of the treatment time, the part
is removed from the furnace, allowing the cooling process to be
carried out based on the temperature of the room. In the annealing
case, upon the conclusion of the treatment, the furnace is turned off,
leaving the component to be cooled inside. This protocol is considered
the normal cooling procedure. The mechanical tests were performed
at the end of the cooling process. They were applied to all samples
unless explicitly stated otherwise.

The Markforged printer has several printing variables that are
set using its Eiger software. Some printing parameters that can be
customized are layer thickness, number of walls, raster angle,
deposition (concentric, isotropic), and type of infill patterns
(triangular, rectangular, hexagonal, gyroid, or solid). Nikiema
et al. reported in 2023 (Nikiema et al., 2023b) and in 2024
(Nikiema et al., 2024) the effect of the number of walls on the
Young’s modulus of Onyx printed materials. The objective of the
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present study is to compare the effect of heat treatment in the two-
wall configuration. All the specimens were printed with a 100% solid
pattern density, with successive perpendicular layers (Figure 5).
Figure 5A shows the odd layers, and the next layer is longitudinal for
the even layers (Figure 5B).

A uniaxial tensile test was conducted in this study. This test was
conducted using an Instron universal machine, which has a Blue Hill
controller in which measurements are made at a sampling frequency
of 0.2 s (Figure 6). Although the test speed was determined based on
several tests according to ASTM D638 and a rate of displacement of
1.25 mm/min, different velocities were evaluated to analyze the
effects achieved by varying rates from 10 mm/min to 70 mm/min
(Nikiema et al., 2024; Fisher et al., 2023).

The following Equations 3 and 4 show the calculations done for
the graphs obtained from the signals as force and displacement.

σs � F/Ao (3)
ε � δL/L (4)

where F is the force applied during each test point; Ao is the initial
cross-sectional area; L is the gauge length.

FIGURE 1
Schematic of the 3D printing process.

FIGURE 2
Tensile sample according to ASTM D638, Type 1.

FIGURE 3
Heat treatment equipment.
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3 Results and discussion

To analyze the effect of the thermal treatment on the printed
Onyx, the mean of the UTS in the tensile test was plotted
(Figure 7; Table 1).

The results obtained from the raw printed components were
UTS = 32.122 MPa and a strain of 0.398. These parameters will be
used to evaluate the effect of heat treatments on printed
components.

Two time instants were initially used to define the duration for
which the components were in the furnace. The time depends on the
thickness of the metals. This rule defines that for every inch of
thickness there should be 1 h of treatment (Cain, 2003); hence, the
time was set as 7 min. A previous study by Jimenez-Martinez et al.
(2024) found that one of the best times for a thermal treatment for
PLA is the printing time. Due to this, 1.5 h will be evaluated. There
are treatment times where the first minute is for the surface, and

then there should be an effect on the core. Therefore, different times
will be evaluated.

Due to the variability of the parameters in the printing
process, the printing time of the largest cross section is
considered important because no supports are used and
because of the way the piece is placed on the printing bed. The
second time is defined as the printing time. The temperature was
set at 50 °C, and the difference was the time in the oven. In
addition, annealing and normalization were performed. In the
case of 7 min in the oven, there was no difference between the
annealed and normalized materials (Figure 8A). For 7 min in the
oven, similar results are observed in both treatments. However,
setting the component in the oven for 1.5 h caused an increase in
the mechanical resistance during annealing compared to
normalization. UTS was increased by 28.3% with the annealing
treatment, while UTS was marginally improved by 2.368% with a
normalized treatment (Figure 8B).

FIGURE 4
Graphical representation of the thermal annealing programs used for the printed structures.

FIGURE 5
Printing configuration: (A) transversal layers and (B) longitudinal layers.
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Based on these results, 1.5 h was defined as the ideal period to
perform the treatments. To know the temperature ratio, tests were
conducted at 60 °C (Figure 9a), and the obtained tendency was
similar to that at 50 °C: that is, with annealing, a higher mechanical
strength was achieved. The normalized value was only 3% higher
than the reference value, while the value after annealing was 43.8%
higher than the untreated component. The difference is
approximately 10 MPa. By increasing the temperature to 100 °C,

an improvement of 45% was observed with a standardizing
treatment and 51% with annealing (Figure 9b). While applying a
temperature of 135 °C, an improvement of 89% was achieved after
normalizing and 110% after annealing, resulting in more than
doubling of the UTS from 32.12 MPa to 67.65 MPa (Figure 9c).

The resulting behavior of the treatment changes depending on
the obtained product, while the materials subjected to annealing
exhibit increased stiffness and UTS. The materials become brittle,
and the deformation at the fault decreases. While normalizing
increases the resistance, the product is more ductile than that
obtained with annealing but less ductile than the untreated
component. This is because recrystallization occurs when a
material is cooled slowly or when the material has time to
crystallize. During normalization, the rate of cooling is very high,
resulting in brittle materials. In contrast, annealing involves a very
low rate of cooling or temperature loss, allowing for the greater
rearrangement of the crystals and facilitating more plastic
deformations depending on the time and temperature of
the treatment.

FIGURE 6
Universal test machine for traction tests.

FIGURE 7
Stress–strain curves at different velocities.

TABLE 1 Tensile test results at different velocities.

Rate (mm/sec) UTS (MPa) Strain at failure

1.25 34.575 0.30842

10 26.678 0.239

20 32.089 0.4113

30 32.060 0.44566

40 29.639 0.4825

50 33.325 0.45526

60 32.784 0.4142

70 35.825 0.4288

Mean 32.122 0.3981425
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The mechanical strength of polymers can be improved through
heat treatments, and the results obtained by normalizing and
annealing are consistent with the improvement described by
Landel and Nielsen (1993) by applying tensile loads (Wang et al.,
2024). Table 2 summarizes the thermal treatments from 50 °C to
135 °C. In the normalized treatment at 50 °C, the increase in
resistance is marginal compared with the improvement of 28.5%
achieved with annealing. The percentage decrease in deformation is
similar to the improvement in resistance when the decrease is
approximately half of that achieved with annealing; there is no
linear increase in resistance with a decrease in deformation. At 60 °C,

the resistance and annealing deformation improved consistently and
decreased, but in normalization, an improvement of only 1%
compared to the temperature of 50 °C was achieved, but the
deformation increased by more than 3%. At 100 °C, the strength
achieved with a normalizing treatment is ~90% of the strength
achieved with annealing. Unlike the previous temperatures, the
difference between annealing and normalization treatments is
25%−annealing reduces the deformation, as expected. Of the
temperatures evaluated, 135 °C corresponded to the best strength
achieved with annealing, but the percentage of decrease in
deformation was lower than with normalization.

FIGURE 8
Stress–strain behavior with a post-heat treatment at 50 °C for (A) 7 min and (B) 1.5 h.

FIGURE 9
Stress–strain behavior with post-heat treatments for 1.5 h at (a) 60 °C; (b) 100 °C; (c) 135 °C.
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To analyze the reliability of the results, a statistical analysis
was performed with five additional tests, as shown in Figure 10.
Considering the result of Figure 9c, the mean value of the UTS is

55.88 MPa. Ultimate tensile strength scatter was evaluated using
the standard deviation given by Equation 5 as (Ibe and
Ibe, 2014)

s �

���������������
1

N − 1
∑N
i�1

xi − μ( )2
√√

(5)

where μ is the mean value of the UTS, xi is the sample, andN is the
sample number.

The logarithmic standard deviation s = 7.148. This is a
significant result based on low scatter value (Itu et al., 2019;
Vedrtnam et al., 2023; Batley et al., 2024). Comparing the
maximum UTS achieved from the annealing treatment of
67.65 MPa with the UTS of non-tensile components of
32.122 MPa, the UTS increased 2.02 times. This UTS value
without treatment is similar to that reported by Fisher et al.
(2023). Compared to the tensile strength reported by Lee et al.,
the UTS value of 30 MPa was increased 2.25 times (Lee
et al., 2023).

TABLE 2 Ultimate tensile strength as a function of heat treatment.

Temperature
° C

Treatment UTS
(MPa)

%
Change

Strain %
Change

23.5 NA 32.122 NA 0.398 NA

50 Annealing 41.298 28.568 0.284 −28.789

50 Normalized 32.882 2.368 0.346 −13.212

60 Annealing 43.853 36.523 0.240 −39.780

60 Normalized 33.154 3.213 0.331 −16.864

100 Annealing 48.546 51.130 0.208 −47.727

100 Normalized 46.767 45.593 0.257 −35.350

135 Annealing 67.651 110.610 0.223 −43.985

135 Normalized 60.760 89.154 0.195 −50.957

FIGURE 10
Statistical analysis for the annealing thermal treatment at 135 °C.

FIGURE 11
Component without treatment: (a) the central area and (b) the right extreme.
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3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) imaging was performed to
understand the effect of heat treatment on polymers. In this study,
we examined a strong bond with two types of breakage, namely,
brittle and ductile (Handbook, 1993).

To understand the failure process depending on the time and
type of treatment, components were analyzed without heat
treatment and with treatment for 7 min at 135 °C, and analyzed
with normalizing and annealing.

Figure 11a shows the central area of the component, and
Figure 11b shows the end where failure originates and
propagates. In the central area, there is a space between
longitudinal layers; although these spaces are also observed at the
extremes, the main difference is that the upper and lower layers have
a fragile fault, while a ductile fault is observed in the center.

Figure 11b shows that these spaces are reduced at the extremes
because of the perimeters of the contour. However, the crack is seen
in the transition zone between the perimeters and the central zone of
the component.

As a result of the treatment, a darker color is observed, as shown
in Figure 12a. In addition, Figure 12b shows that the area of the
perimeters has a smoother transition between the layers, generating
a zone of change from ductile to brittle (Figure 12c). The crack runs
in this zone, as seen in Figure 12b and in Figure 14d.

Figure 13 shows the fracture of the specimen subjected to heat
treatment at 135 °C and annealing for 1.5 H with 59× magnification.
Figure 13a shows that the area or areas of greatest fragility at the
ends are also reduced, indicating a greater force magnitude than that
observed in the previous treatment. Therefore, we speculate that
135 °C is the best temperature for this material if the cooling
mechanism is modified. Figure 13b shows that the spaces

FIGURE 12
Component failure analysis under a normalizing treatment at 50 °C for 7min: (a) the central part; (b) the right extreme; (c) the transition area between
brittle and ductile areas; (d) failure nucleation.
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between the longitudinal layers are reduced because of the combined
treatment effect of time and temperature. Failure in this component
occurs by separation between the layers (Figure 13c); Figure 13d
shows intralaminar and interlaminar failure.

Finally, the component subjected to normalization was treated at
135 °C for 1.5 h. Similar to the case of annealing, the space between
longitudinal layers decreased (Figure 14a), improving the
mechanical properties because of the availability of a more
uniform cross-sectional area. Owing to the resistance of the
material, the failure is brittle (Figure 14b), and the failure
changes direction, as seen in Figure 14c. Nucleation is observed
in Figure 14d.

In accordance with the present results, previous studies have
demonstrated that thermal treatment tends to reduce the number of
voids, improving the joining process between layers, as shown in

Figures 13, 14. These results corroborate the findings of a great deal
of the previous work by Huang et al. (2024) and Khosravani et al.
(2023b). The mechanism of failure is interlaminar propagation.
Although annealing improves the strength, catastrophic failure
may occur, changing crack propagation and promoting a
brittle failure.

Although nylon’s glass transition temperature is 22 °C, Onyx has
carbon fiber content, which increases the glass transition
temperature of the matrix to 27 °C and has a crystallization
temperature of 161 °C (Pascual-González et al., 2020). Gordon
reported anomalous behavior for the glass transition, which
normally occurs in the first heating cycle. However, when
performing a subsequent cycle, it is not observed. If the
component is left at rest and a heating cycle is performed again,
however, the transition is not only in the same range but has also

FIGURE 13
Failure analysis of a component subjected to annealing at 135 °C for 1.5 h: the (a) central part; (b) right part; (c) failure; (d) failure detail.
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been increased. This is due to the formation of networks by
hydrogen bonds, because new cycles of reheating generate new
transitions (Gordon, 1971; Klata et al., 2003).

Finally, to understand the effect of the treatment on Onyx
printed components, differential scanning calorimetry (DSC) tests
were performed with the following characteristics: Atmosphere in
air, gas flow 10 mL/min, heating rate 10 °C/min, cooling rate 20 °C/
min, raw printed sample 5 mg, and thermally treated sample 6 mg.
This comparison of both ramp up and ramp down allows for
analyzing the effect of the heat treatment by correlating it with
the crystallization process. For the printed part without treatment, a
transition is observed at 127 °C and Tm at 202.3 °C (Figure 15a),
while in Figure 15b, a transition temperature at 115.9 °C is observed.
The crystallization temperature is 158 °C for a raw sample, while it is

162 °C for the treated component. This tendency is eliminated by
applying the annealing process in the raw sample, which allows
obtaining a more homogeneous structure. Based on the degree of
crystallinity shown by the area under the endotherm peak
Figure 15b, the crystallinity after annealing treatment has been
increased. It improves mechanical strength, as reported on the
tensile tests.

The temperature for the treatment should be less than the
temperature for the purpose of obtaining dimensional stability.
For Onyx, a temperature of 135 °C is suggested. Higher values
generate warpage (Coca-Gonzalez and Jimenez-Martinez, 2024).
This finding was also reported by Pascual-González et al. (2024).

Based on the transition temperatures observed in the DSC when
comparing the cross-sections of the treated components, at a lower

FIGURE 14
Failure analysis of the component subjected to a normalized treatment at 135 °C for 1.5 h: (a) central part; (b) right part; (c) failure change orientation;
(d) failure nucleation.
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treatment temperature (Figure 12), the spaces between layers cannot
be closed, as in the case of treatments at higher temperatures. When
comparing the annealing (Figure 13) and normalizing treatment
(Figure 14), it is observed that in the former, the cohesion between
layers is improved, as was reported by Jimenez-Martinez
et al. (2024).

4 Conclusion

This study was conducted to gain deeper insights into the
mechanical performance improvement of printed polymer by
implementing a post-print process. Heat treatment modifies the
morphology of the printed component via recrystallization. This
modification allows us to reduce defects and increase the
mechanical strength. Through the annealing heat treatment, the
ultimate tensile stress of printed Onyx increased more than two
times the original value, from 32.12 MPa to 67.61 MPa. The
temperature set is 50% of the extrusion temperature, and the
time is based on the printing time. Heat treatments above
135 °C are not recommended as this will change the surface
finish. The component generates warpage, having a detrimental
effect on the mechanical properties.

The manufacture of products from polymers has generally been
done through high-volume processes such as compression molding
or injection. The use of these materials through additive
manufacturing opens an area of opportunity to analyze and
implement thermal post-processes typically used in metal
fabrication to improve the mechanical properties of the printed
items; however, based on the results, an area of opportunity is seen
for the generation of applied research in heat treatments in
components printed with polymer filaments.

Thermal treatment time is important for this additive
manufacturing process, as a temperature gradient persists from
the printing of the first layer until the last layer. Because of this,
it is important to define the processing time based on the printing
time of the largest cross section of the printed component.

Normalization and annealing treatments are adopted. For a
given temperature and time spent in the furnace, cooling time

plays an important role in determining the recrystallization
process. Short treatment times yield ductile materials, thereby
increasing the deformation and reducing component strength.
The results show that annealing generally improves the UTS of
printed components.

Considerably more work must be done to determine the post-
thermal treatment effect of Onyx when it is reinforced with carbon
fiber, glass fiber, or Kevlar. It is necessary to evaluate the effect of the
treatment not only on the core of the material or reinforcement but
also on the transition zone and evaluate the cohesion effects,
ensuring a robust improvement.

It is emphasized that further research is required to add to the
limited literature review on the post-thermal treatment in printed
polymers, extend and validate the findings of this study, and assess
other material properties, such as toughness, where these types of
parameters might affect the suitability of printed Onyx for different
engineering applications.

To strengthen the statistical reliability, further studies should
investigate the mechanical strength under cyclic loads. In dynamic
load cases such as mechanical fatigue, the effects of heat treatment
on failure propagation processes could be evaluated to mitigate
brittle failure.
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