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Abstract

Additively manufactured continuous fibre-reinforced polymers (CFRPs) offer promising
mechanical properties for engineering applications, including aerospace and automotive
load-bearing structures. However, challenges such as weak interlayer bonding and low
strength compared to traditional composites remain. This paper presents an experimental
investigation into the effects of nitrogen (N;) purging during printing and thermal anneal-
ing after printing on the tensile performance of additively manufactured CFRPs. Tensile
tests were conducted on Onyx specimens produced by material extrusion and reinforced
with continuous carbon fibre filaments (CFF), glass fibre filaments (GFF), or Kevlar fibre
filaments (KFF). Results showed that N,-purging and post-annealing had different effects
on the tensile properties of various CFRPs. Particularly, N>-purging, post-annealing, and
their combination enhanced both the Young’s modulus and ultimate tensile strength (UTS)
of KFF/Onyx specimens. For GFF/Onyx specimens, both treatments had a minor effect
on the Young’s modulus but enhanced UTS. CFF/Onyx specimens exhibited improved
Young’s modulus with Np-purging, while both treatments reduced UTS. The different
response of the CFRPs was associated with diverse governing failure mechanisms, as
proved by microstructural and fracture surface inspection. Additionally, differential scan-
ning calorimetry (DSC) and X-ray diffraction (XRD) analyses also revealed the thermal
behaviour and crystal structures that influence the mechanical properties of CFRPs.

Keywords: additive manufacturing; material extrusion; continuous fibre-reinforced poly-
mers; composites; mechanical properties; nitrogen-purging; post-annealing
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1. Introduction

Recently, there has been an increasing interest from various industries in utilising
additive manufacturing (AM) for rapid prototyping and advanced engineering applica-
tions [1,2]. The Wohlers Report 2023 [3] highlights several applications of AM in the
aerospace and automotive industries. In aerospace, Lufthansa has applied AM polymer air
ducts and fasteners within aircraft cabins. In the automotive sector, BMW has incorporated
AM components in its iX5 hydrogen vehicle, such as the front grill cover, air inlets, and
rear trim. NASCAR has also employed AM to improve its race car performance, using a
Stratasys H350 machine to print cockpit ventilation units for its Next Gen cars. AM enables
low-quantity and high-quality fabrication with minimal material wastage [4]. It provides a
fast and ideal approach for fabricating a small volume of newly designed, custom-made,
or spare parts with complex geometries, which are expensive and time-consuming to
produce using traditional manufacturing methods [5,6]. Moreover, the geometry of a
part can be easily modified for AM to obtain an optimal topology that possesses desired
mechanical properties with minimum weight [7,8]. Among the various AM techniques
available, Material Extrusion (MEX), especially Fused Deposition Modelling (FDM), has
gained widespread popularity due to its user-friendly nature and capability to print an
extensive variety of materials [9,10]. MEX-printed continuous fibre-reinforced polymers
(CFRPs) offer significant practical advantages in industrial applications, primarily owing
to their competitive mechanical properties and lightweight [11]. They demonstrate great
potential to be alternatives to metal components [12].

Previous research has been focused on the analysis of the mechanical performance of
MEX-printed polymers such as acrylonitrile butadiene styrene (ABS), polylactic acid (PLA),
Nylon (i.e., polyamide), Polyether ether ketone (PEEK), and their corresponding short
and continuous fibre-reinforced composites [13]. However, due to the hygroscopic nature
of matrix materials, printed CFRPs absorb moisture from the atmosphere quickly. This
absorbed moisture negatively impacts mechanical properties by inducing plasticisation
effects and creating pores within the deposited strands of material (“rasters”), thereby
compromising structural integrity [14,15]. Further to this, the poor interlayer adhesion
between the fibre-reinforced layers and the matrix ones caused by residual thermal stresses
always remains a serious issue, impairing the structural strength and reliability of nowadays
MEX-printed structures [16]. It is thus imperative to enhance the mechanical performance
of MEX-printed CFRPs, particularly for applications where the demand for lightweight,
high-strength materials is critical.

Improving the printing conditions or applying post-printing treatments [17-19] are
two options to ameliorate the performance of MEX-printed parts. Regarding the printing
conditions, most MEX products are routinely printed under normal atmospheric conditions.
As a result, the feedstock filament is likely to absorb moisture and various gases, such as
oxygen, which may affect the printing quality and the performance of the products. To
provide an inactive and dry printing environment, purging with inert gases such as N and
argon (Ar) into the chamber of the printer has been taken into consideration. This may also
improve the layer consolidation throughout the MEX printing process and lead to high-quality
products. For example, Shaik et al. [20] printed PLA specimens using MEX under compressed
air and in N, atmosphere. Their results showed that Np-purging increased the Young’s
modulus of MEX-printed PLA specimens by 30% and 50% in the longitudinal and transverse
orientations, respectively, and improved the yield strength by 40% in both orientations,
achieving mechanical properties comparable to those of injection-moulded specimens.

Post-annealing is a post-processing method that favours the mechanical performance
of the printed parts by eliminating the residual moisture and by obtaining better fusion
between adjacent rasters and layers [21,22]. In addition, polymers may also undergo



Polymers 2025, 17, 2314

30f26

structural changes. For instance, post-annealing enables molecular chain reorganisations
and promotes crystallisation [23]. The optimal post-annealing temperature to achieve the
best mechanical performance is material-specific and should be determined on a case-by-
case basis [24-26].

Handwerker et al. [27] investigated the impact of annealing on polyamide 6 (PA6)
composites reinforced with continuous glass fibres (cGF) and short carbon fibres (sCF),
manufactured via a Markforged® Mark Two printer (Markforged Inc., Watertown, MA,
USA). Annealing doubled the Young’s modulus and increased UTS by 50% in sCF/PA6
composites, while cGF/PA6 specimens demonstrated a 186% UTS increase with a crys-
tallinity rise from 23% to 27%. Optimal annealing conditions for both materials were
identified as 200 °C for six hours. Moreover, Wang et al. [28] reported that post-annealing
of continuous carbon fibre-reinforced PEEK (cCF/PEEK) composites at 250 °C for six hours
enhanced crystallinity, interlayer bonding, and UTS by 16%, with the interlaminar shear
strength increasing by 85%. However, annealing at 300 °C led to mechanical degradation.
In addition, Muna et al. [29] compared two post-annealing methods for continuous car-
bon fibre-reinforced PLA composites (cCF/PLA): constant annealing at 65 °C and cyclic
annealing between 50 °C and 70 °C, both for six hours. Both methods reduced the Young'’s
modulus and UTS of cCF/PLA, with constant annealing showing decreases of 11% and
3.6%, respectively, and cyclic annealing causing decreases of 28% and 9.6%, respectively.

The literature suggests that both N,-purging and post-annealing can have significant
effects on the printing quality and mechanical properties of AM materials such as PLA,
sCF/PA6, cGF/PA6, and cCF/PEEK. As indicated by previous studies, Np-purging has
improved the mechanical properties of MEX-printed PLA by mitigating the adverse effects
of moisture uptake and oxidation during the printing process [20]. However, the effect of
Nj,-purging on the mechanical performance of AM CFRPs is not clear yet. As a cost-effective
and environmentally sustainable technique, N is readily available from the atmosphere
and can be efficiently recycled from exhaust air. Furthermore, post-annealing has improved
the mechanical performance of MEX-printed parts such as sCF/PA6, cGF/PA6 [27], and
cCF/PEEK [28] by enhancing fibre-matrix bonding and reducing the moisture content.
However, systematic investigations of the effects of N, purging and post-annealing on
diverse AM CFRPs remain scarce. Particularly, no research has investigated the effect of
a combination of Np-purging and post-annealing on the mechanical performance of AM
CFRPs. Given the unsatisfactory mechanical performance of AM CFRPs, there is a critical
need to develop effective processing or post-processing strategies that can enhance the
mechanical performance of AM CFRPs. Therefore, the primary objective of the present
study is to explore whether the tensile properties of three distinct types of CFRPs, i.e.,
carbon fibre filament reinforced Onyx (CFF/Onyx), glass fibre filament reinforced Onyx
(GFF/Onyx), and Kevlar fibre filament reinforced Onyx (KFF/Onyx), are affected by Nj-
purging upon printing or post-annealing after printing, or a combination of both treatments.

In this study, tensile tests were first conducted on CFF/Onyx, GFF/Onyx, and
KFF/Onyx specimens under various printing and post-processing scenarios. Microstruc-
tural observations were also carried out using scanning electron microscopy (SEM) to study
the dominant modes of failure, identify the changes triggered by post-annealing at the
microscopic scale, and gain an in-depth understanding of the tensile test results and failure
mechanisms. Furthermore, differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) analyses were performed to unveil phase changes within the polyamide (PA) matrix
of Onyx, variations in crystallinity, and fluctuations in moisture content. Such transfor-
mations have been considered as critical factors affecting the mechanical characteristics of
the CFRPs.
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2. Materials and Methods
2.1. Printer and Materials

All CFRP specimens were produced using a Markforged® desktop 3D printer, Mark
Two Generation II (Markforged Inc., Watertown, MA, USA), and the slicing software Eiger
(software version as of 1 March 2023). Mark Two is a dual-extrusion printer with two
individual extruding nozzles, which enable the Onyx and fibre filament to be deposited
independently [30] and obtain different fibre filament volume fractions. In this study,
the fibre filament volume fraction (Vf) refers to the proportion between the consumed
fibre filament (polymer impregnated continuous fibre) and the total consumed materials,
including the matrix filament (Onyx) and fibre filament. Vf is automatically calculated in
Eiger. The two nozzles can also ensure better printing quality by minimising the inconsistent
distribution of fibres that is commonly observed in co-extrusion printing [31-33].

Onyx filament (which is made of micro carbon fibre-filled nylon/PA [34]) supplied
by Markforged® (Markforged Inc., Watertown, MA, USA) with a diameter of 1.75 mm
was employed as the matrix material for all the CFRPs. To avoid any moisture absorption
and related deterioration before printing, Onyx was stored in a dry box. Markforged®
continuous carbon, glass, and Kevlar fibre filaments (KFF) were used as reinforcements
in this study. The properties of the Onyx and fibre filaments retrieved from Markforged®
datasheets [35] are summarised in Table 1.

Table 1. Characteristics of Onyx and fibre filaments from Markforged datasheets [35].

Material Onyx CFF GFF KFF
Tensile strength (MPa) 40 800 590 610
Young’s modulus (GPa) 24 60 21 27
Failure strain (mm/mm) ! 0.250 0.015 0.038 0.027
Heat deflection temperature (°C) 145 105 105 105
Density (g/cm?) 1.2 1.4 15 1.2

1 All failure strain values reported in this paper are calculated based on engineering strain and are expressed in
unitless form (mm/mm).

2.2. Ny-Purging

In experimental groups designed to investigate the effect of Np-purging, the printer
was purged with pure and dry N, at room temperature at a flow rate of 8 L/min throughout
the printing process. To maintain a controlled air pressure during printing, the printer
was sealed with sticky tape, leaving necessary minor gaps for ventilation. The chamber
temperature (CT) and relative humidity (RH) were measured using INKBIRD IBS-TH2
sensors (INKBIRD Tech. Co., Ltd., Shenzhen, China) located inside the printing chamber
and recorded at a 0.1 Hz logging rate. The sensors showed that the change in CT during
printing, both with and without N»-purging, was negligible, while the average RH was
reduced from 27.9% to 6.4% by applying Nj-purging. Detailed CT and RH data for all the
specimens are summarised in Appendix A.

2.3. Post-Annealing

Annealing of CFRP specimens after printing was conducted in a thermostat fan-
forced heating oven (Model MRX-GF50L, Mingruixiang Automation Equipment Co., Ltd.,
Shenzhen, China). Specimens were annealed for two hours, then removed from the oven
and cooled to room temperature. The annealing temperatures were selected above the
glass transition temperature (Tg = 64.5 °C [36]) of the Onyx matrix material. Preliminary
uniaxial tensile tests were conducted on GFF/Onyx specimens after being annealed at
temperatures of 90 °C, 120 °C, 150 °C, 180 °C, and 210 °C for two hours. Results revealed
minimal mechanical property differences between specimens treated at 90 °C and 120 °C.
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Specimens annealed at 150 °C exhibited the highest Young’s modulus and UTS, whilst
specimens melted after annealing at 210 °C. Consequently, annealing temperatures of
90 °C, 150 °C, and 180 °C were selected for the main study.

In addition, preliminary tensile tests were performed to determine the optimal post-
annealing duration. Based on five indicators, including Young’s modulus, UTS, fail-
ure strain, strain energy, and annealing duration/energy consumption, specimens post-
annealed for two hours demonstrated the most favourable outcomes. A detailed evaluation
of post-annealing duration is provided in Appendix B.

2.4. Mechanical Characterisation
2.4.1. Feedstock Fibre Filaments

Before testing the printed CFRP composite specimens, it was deemed useful to in-
vestigate the effects of annealing on the feedstock fibre filaments in order to provide a
benchmark. For this purpose, 200 mm long segments of feedstock carbon fibre, glass fibre,
and KFF were cut from the spools supplied from Markforged® and annealed at 150 °C
for two hours. Uniaxial tensile tests were conducted on as-received and annealed CFF,
GFF, and KFF using a universal testing machine (Instron Model 5965, Instron, Norwood,
MA, USA) equipped with a 10 kN load cell. Since all the feedstock fibre filaments are thin
and fragile, the loading speed was set at 0.5 mm/min (strain rate of 5.6 x 107°/s). To
ensure that the filaments were gripped firmly, each end of each specimen was fixed and
sandwiched between two thermoplastic polyurethane (TPU) tabs. Three specimens were
tested for each condition.

2.4.2. Printed Onyx and CFRP Specimens

To evaluate the effects of Np-purging, post-annealing, and their combination on the
printed Onyx, neat Onyx specimens were printed following the Type I specification outlined
in the ASTM D638 standard [37]. The printing raster angle was +45°. In this case, three
groups of specimens were examined and categorised as “AP”, “N,”, and “N2+F0150”,
representing the as-printed, Np-purged only, and Nj-purged with additional fan oven
post-annealing at 150 °C, respectively. A universal test machine, MTS Model 43 (MTS
System Corporation, Eden Prairie, MN, USA), with a load cell of 50 kN, was operated at
2 mm/min (strain rate of 6.7 x 107#/s) for these tests.

All CFRP tensile specimens were printed on an unheated printing bed with a solid
infill pattern and 100% infill density. In accordance with ASTM D3039 standard [38], the
dimensions for the tensile composite specimens were 250 x 25 x 2.5 mm?. To take full
advantage of the reinforcing effect of the continuous fibre filaments, the fibre filaments
were printed at a 0° angle along the longitudinal direction of the specimen, as depicted in
Figure 1a. The Onyx layers were printed with an alternating raster arrangement (+45°) as
shown in Figure 1b. In addition, a group-alternating stacking sequence was employed for
all the specimens, as illustrated in Figure 1c, where the blue and orange layers represent
the Onyx and the fibre-reinforced layers, respectively.

The layer thickness was 0.125 mm for both fibre-reinforced and Onyx layers in
CFF/Onyx specimens, and 0.1 mm for both fibre-reinforced and Onyx layers in both
GFF/Onyx and KFF/Onyx specimens. For each layer, two walls of Onyx were printed at
the perimeter. The nozzle temperatures for the Onyx and fibre filaments were 275 °C and
255 °C, respectively [39]. The fibre filament Vf was kept constant for the three different
CFRPs (with Vf designed to be 34%) as the primary aim of this study was to assess the
effect of printing atmosphere and post-annealing by comparing the mechanical properties
of CFRPs under uniform Vf conditions to isolate the effect of fibre type. To confirm, the
slicing software calculated that the fibre filament Vf was 33.72%, 34.14% and 34.56% for the
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CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens, respectively. The specific configuration
for each CFRP type is summarised in Table 2.

(a) Fibre aligned along x-axis (0° | \ w
—
61&1]1]1 el
towx mter wele 35 Y YYYHHHNIHINNINNIN,
© Onyx z %
Fibre =>» %

y

Loading direction

Figure 1. Schematic diagrams of the raster angles for (a) fibre-reinforced layers (0°); (b) Onyx layers
(£45°); and (c) 3D schematic diagram of group-alternating stacking sequence with build orientation
and tensile loading direction indicated. Note: dimensions are not to scale.

Table 2. Detailed configuration of CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens.

Specimen Onvx Lavers ReiFri?(::c-e d Thi];;?:lrss 1 Onyx Volume > Fibre Filament  Fibre Filament
P yx LAy (cm®) Volume 2 (cm®) \%:
Layers (mm)
CFF/Onyx 1_?,61(2)611, 6-9,12-15 0.125 10.30 5.24 33.72%
GFF/Onyx 1-311 3;15, 6-10,16-20 0.1 1032 5.35 34.14%
KFF/Onyx 1‘;'11;15' 6-10, 16-20 0.1 10.32 5.45 34.56%

1 Values are for both fibre-reinforced and Onyx layers. 2 Values were calculated by the slicing software, Eiger.

Six distinct test groups were analysed for each type of CFRP: Group 1 contained
as-printed specimens, denoted as “AP”, which were printed using the default printing
setting without Ny-purging nor post-processing; Group 2 contained specimens printed
with Np-purging (Ny); Groups 3-5 were specimens post-annealed in a fan oven at
90 °C (FO90, Group 3), 150 °C (FO150, Group 4) and 180 °C (FO180, Group 5); Group 6
gathered specimens printed with Np-purging and post-annealing at 150 °C (N2+FO150).
For Groups 3-5, the dimensions and weights of all specimens were measured before and
after post-annealing.

Tensile tests were performed using an MTS Model 43 universal machine with a
50 kN load cell. In accordance with the ASTM D3039 standard [38], the test speed was
set to 2 mm/min (strain rate of 6.7 x 107*/s). Three specimens were printed and tested
for each group. Each specimen had a gripping length of 50 mm at both ends, and a video
extensometer was employed to ensure accurate strain measurement.

2.5. Microstructural Analysis

The fracture surfaces of tensile-tested specimens were analysed using a Gemini
360 scanning electron microscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany)
to investigate the failure mechanisms and morphological interfacial characterisation of
neat Onyx and CFF/Onyx under AP and FO150 conditions. In addition, the effects of
post-annealing at 180 °C for two hours were examined on CFF/Onyx and KFF/Onyx spec-
imens to further explore microstructural changes and fibre-matrix interactions subjected to
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post-annealing at a higher temperature. All SEM observations were performed on standard
tensile specimens to ensure consistency with mechanical testing conditions.

2.6. Thermal Characterisation

DSC analyses were performed using a TA Instrument DSC Q1000 model (TA Instru-
ments, New Castle, DE, USA) on the as-printed and post-annealed Onyx, CFF/Onyyx,
GFF/Onyx, and KFF/Onyx specimens. For each specimen, two heating runs were per-
formed from 25 °C to 300 °C at a heating rate of 25 °C/min with intermediate cooling at
the same rate back to 25 °C.

2.7. X-Ray Diffraction

To complete the DSC analysis and confirm the phase composition of Onyx and CFRP
specimens, XRD analysis was performed using a Bruker D2 Phaser benchtop instrument
(Bruker AXS GmbH, Karlsruhe, Germany) at 30 kV with a cobalt X-ray tube (a wavelength
of 1.79026 A). The same neat Onyx and CFRP specimens printed for tensile testing were
also used for XRD.

3. Results and Discussion

3.1. Tensile Testing
3.1.1. Tensile Properties of Feedstock Fibre Filaments

Tensile test results of the feedstock fibre filaments are summarised in Table 3. Post-
annealing at 150 °C has a negligible impact on the Young’s modulus of CFF, but a detri-
mental effect on both its UTS and failure strain. Conversely, the Young’s modulus, UTS,
and failure strain of GFF and KFF are all improved after post-annealing. The effect on UTS
is especially significant, with values that nearly double after post-annealing.

Table 3. Tensile properties of as-received and annealed feedstock fibre filaments.

Average Young’s Failure Strain
Fibre Filament Diameter Modulus UTS (MPa)
(mm/mm)
(mm) (GPa)

CFF 45 received 0.363 48 +3 1494 4 44 0.04 £ 0.00
CFFjnnealed 0.379 49 +3 978 + 233 0.02 +0.01
GFF 56 received 0.332 16 +1 516 + 46 0.03 & 0.00
GFF nnealed 0.293 25+2 1196 + 134 0.05 + 0.01
KFF ¢ received 0.315 27 +1 625 + 72 0.02 == 0.00
KFF, nnealed 0.305 35+3 1070 + 76 0.03 4 0.00

3.1.2. Tensile Properties of Neat Onyx Specimens

Figure 2 illustrates the stress-strain curves of the neat Onyx specimens in four groups:
AP, N, FO150, and N2+FO150. The Young’'s modulus, UTS, and failure strain of the neat
Onyx specimens are summarised in Table 4. In comparison to the AP specimens, the Ny
specimens show a 43% increase in Young’s modulus, accompanied by a modest 9% increase
in UTS. The FO150 specimens exhibit more substantial enhancements, with a 59% increase
in Young’s modulus and a 47% increase in UTS. For the N2+FO150 specimens, a dramatic
improvement (174%) in the Young’s modulus is observed, while UTS also increases by 44%.
However, the failure strain for Np, FO150, and N2+FO150 specimens decreases compared
to the AP specimens. This reduction indicates that both N,-purging and post-annealing
have a negative impact on the ductility of neat Onyx specimens.
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Figure 2. Stress-strain curves of neat Onyx specimens under various scenarios.

Table 4. Tensile properties of neat Onyx specimens under various scenarios.

. Young’'s Modulus Failure Strain
Specimen (GPa) UTS (MPa) (mm/mm)
AP 0.94 £ 0.05 34+1 0.26 +0.03
N, 1.34 +0.14 37+1 0.20 £ 0.02
FO150 1.49 + 0.00 50+1 0.16 £ 0.01
N,+FO150 2.58 £ 0.01 49 £1 0.10 £ 0.01

3.1.3. Tensile Properties of CFRP Specimens

The detailed comparison of Young’s modulus, UTS, and failure strain of the different

CFRPs is listed in Table 5. The specific effects of purging, annealing, and their combination

are discussed below in the dedicated sub-sections.

Table 5. Summary of tensile properties for all types of CFRPs.

Young’s Failure Strain
Material Scenario Modulus UTS (MPa)
(mm/mm)
(GPa)
AP 25.89 + 0.32 376.27 £+ 15.98 0.015 £ 0.001
N, 30.50 £+ 1.47 360.27 + 5.39 0.012 £ 0.000
CFE/Onyx FO90 24.63 + 0.56 338.59 4+ 24.46 0.014 + 0.001
FO150 27.16 £+ 0.56 325.54 +17.18 0.012 + 0.001
FO180 22.83 +2.96 307.22 + 40.97 0.017 £ 0.003
N2+FO150 30.61 £ 0.82 328.89 + 8.63 0.011 £ 0.000
AP 9.93 + 0.24 316.20 £ 0.02 0.034 £ 0.000
N, 9.38 + 0.05 373.49 4+ 3.33 0.042 + 0.000
GFF/Onyx FO90 9.84 + 0.09 337.01 4+ 6.33 0.034 + 0.001
FO150 10.35 + 0.18 385.75 + 15.43 0.038 £ 0.002
FO180 9.78 +0.29 374.24 + 3.27 0.039 + 0.001
N2+FO150 9.63 £+ 0.03 399.00 4+ 17.19 0.044 + 0.002
AP 12.50 £ 0.08 236.33 + 4.09 0.020 + 0.000
N, 14.87 +0.76 274.07 + 10.76 0.019 + 0.000
KFE/Onyx FO90 13.88 4+ 0.04 247.06 +9.94 0.018 + 0.000
FO150 14.50 £+ 0.15 260.09 4 6.34 0.018 £ 0.000
FO180 14.09 4+ 0.65 254.00 + 40.09 0.018 £ 0.002
N2+FO150 15.43 £+ 0.75 294.33 + 10.76 0.020 +£ 0.000

N,-Purged CFRP Specimens

The stress-strain curves of the CFRP specimens under both AP and Nj-purged con-
ditions are presented in Figure 3. For all the specimens, the stress increases linearly with
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strain till the UTS is reached, when brittle failure occurs. The failure strain is the highest for
GFF/Onyx and the lowest for CFF/Onyx under both AP and N-purged conditions. The
effects of No-purging on the failure strain of all CFRPs are negligible (less than approxi-
mately 1%). Np-purging results in significant improvements in the Young’s modulus for
the CFF/Onyx and KFF/Onyx specimens. However, the GFF/Onyx specimens subjected
to Np-purging experience a minor change in Young’s modulus.

CFF/Onyx_AP#1 CFF/Onyx_AP#2
450 CFF/Onyx No#l ====- CFF/Onyx_N2#2
GFF/Onyx_AP#1 GFF/Onyx_AP#2
GFF/Onyx_Na#l ====- GFF/Onyx_Na#2
400 F KFF/Onyx_AP#1 KFF/Onyx_AP#2
KFF/Onyx_Na#1 KFF/Onyx_N:#2
350
—
<
=300
e
2 250
9]
8
o 200
g7
8
S 150
100
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Figure 3. Stress-strain curves of the CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens under both
AP and N5 conditions.

Post-Annealed CFRP Specimens

Figure 4 compares the Young’s modulus and UTS of CFF/Onyx, GFF/Onyx, and
KFF/Onyx CFRPs subjected to post-annealing at various temperatures, with respect to AP
specimens. According to Figure 4a, among all the CRFCs annealed at the same temperature,
CFF/Onyx specimens exhibit the highest Young’s modulus. For CFF/Onyx, the Young's
modulus remains similar after post-annealing at temperatures of 90 °C and 150 °C, but
decreases after annealing at 180 °C due to the prolonged exposure to high temperatures.
GFF/Onyx specimens exhibit a negligible change in Young’s modulus after annealing at all
temperatures, while KFF/Onyx specimens show a notable increase in Young’s modulus
at 150 °C. As shown in Figure 4b, post-annealing progressively reduces the average UTS
of CFF/Onyx as the annealing temperature rises to 180 °C. In contrast, after annealing at
150 °C, GFF/Onyx specimens experience a considerable improvement in UTS, whereas
the KFF/Onyx specimens exhibit a smaller increase. As indicated by the error bars shown
in Figure 4a,b, the data is less scattered for both GFF/Onyx and KFF/Onyx than for
CFF/Onyx. Significant reduction and instability appear in both Young’s modulus and
UTS of CFF/Onyx specimens when the temperature reaches 180 °C due to carbon fibre
embrittlement and extensive thermal expansion after post-annealing. This phenomenon
will be discussed in Section 3.2.1.
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Figure 4. (a) Young’s modulus; (b) UTS of CFF/Onyx, GFF/Onyx, and KFF/Onyx composites
under different fan oven annealing temperatures; (c) trends of UTS for CFF/Onyx, GFF/Onyx, and
KFF/Onyx composites.

As observed in Figure 4c, there exist clear relationships between UTS and annealing
temperature. The UTS of CFF/Onyx decreases monotonically with the annealing tem-
perature, while the UTS of GFF/Onyx and KFF/Onyx peaks at 150 °C. It is noteworthy
that the UTS of the GFF/Onyx_AP specimens is, on average 16% lower than that of the
CFF/Onyx_AP. However, the UTS of GFF/Onyx_FO150 remarkably improved to an aver-
age of 386 MPa, surpassing that of CFF/Onyx_AP by 2.7%. Compared to CFF/Onyx and
GFF/Onyx, post-annealing demonstrates a smaller impact on the UTS of KFF/Onyx.
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Gripping areas

N2 Only
N2+FO 150)

Combination of Np-Purging and Post-Annealing

Because the optimal annealing temperature is 150 °C for both GFF/Onyx and
KFF/Onyx specimens, one extra set of specimens was printed in a Np-purged environ-
ment and subsequently post-annealed at 150 °C for two hours (N2+FO150). Accord-
ing to the test results, when subjected to the combined treatment, GFF/Onyx speci-
mens exhibit the largest failure strain (0.044), whereas CFF/Onyx specimens show the
smallest failure strain (0.011). For both CFF/Onyx and GFF/Onyyx, there is almost no
change in the Young’s modulus between N, and N2+FO150, whereas for KFF/Onyyx,
an increase in the Young’s modulus can be observed (Table 5). The average UTS of
CFF/Onyx_N2+FO150 is 9% lower than that of CFF/Onyx_Nj, while the average UTS of
both GFF/Onyx_N2+FO150 and KFF/Onyx_N2+FO150 increases by approximately 7%.
Remarkably, GFF/Onyx_N2+FO150 exhibits an average UTS of 399 MPa, exceeding the
highest recorded UTS of CFF/Onyx in this study (i.e., 376 MPa) by 6.1%.

3.1.4. Deformation Mechanisms of CFRP Specimens

Top and isometric views of the fractured tensile specimens are displayed in Figure 5,
and typical failure modes of CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens are sum-
marised in Table 6 according to Tensile Test Failure Codes in ASTM D3039 [38].

Grippingareas  Grippingarea Gripping areas
r A . L \ -
f | (

— e —

N2+FO 150

Figure 5. Top view of fractured specimens: (a) CFF/Onyx specimens; (b) KFF/Onyx specimens;
(c) GFF/Onyx specimens; (d) isometric view of fractured GFF/Onyx specimens. All the tensile
composite specimens originally measured 250 x 25 x 2.5 mm?3.

According to the top view of CFF/Onyx specimens (Figure 5a), there is almost no
fibre pull-out, and specimens in all groups fail suddenly at the ultimate tensile load. The
primary failure mechanisms are long-splitting and Onyx-fibre layer delamination for all
groups. Conversely, delamination occurs in both Np-purged and post-annealed CFF/Onyx
specimens. The CFF/Onyx_N,+FO150 specimens exhibit the most severe delamination
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between the Onyx and CFF layers. As for KFF/Onyx specimens (Figure 5b), the AP
specimens fail with a transverse fracture surface, whilst all other KFF/Onyx specimens
show angled fracture surfaces. Fibre pull-out happens in all groups. Moreover, when the
specimens are post-annealed, delamination occurs between the Onyx and KFF layers. In
the top view of GFF/Onyx specimens (Figure 5c), the AP specimens exhibit an angled
fracture mode with fibre pull-out, while the Nj-purged or post-annealed specimens display
explosive failure with Onyx-fibre layer delamination and fibre layer splitting. For the
specimens that failed in explosive mode, a crack is first generated at the middle of the
gauge length along the longitudinal direction during the tests, and then the delamination
between the Onyx and fibre layers occurs across the entire gauge area (Figure 5d).

Table 6. Summary of failure modes for specimens across three types of CFRPs under AP, FO150, N,
and N»+FO150 conditions.

Material Scenario Failure Mode Description
AP LGT L-lateral failure, G-gauge area, T-top location
CFF/Onyx FO150 M(xyz)GT M(xyz)-multi-modes, Q-gauge area, T-top
location
N, M(xyz)GT M(xyz)—mulh—mcides, F}—gauge area, T-top
ocation
N,+FO150 M(xyz)GT M(xyz)-multi-modes, Q—gauge area, T-top
location
AP AGB A-angled failure, G—g:.auge area, B-bottom
location
GFF/Onyx FO150 XGM X-explosive failure, G—gauge area, M-middle
location
N, XGV X-explosive failure, G—gauge area, V-various
locations
N,+FO150 XGV X-explosive fallurle, G—gauge area, V-various
ocations
AP LGT L-lateral failure, G-gauge area, T-top location
KFF/Onyx FO150 AGB A-angled failure, G-ge.auge area, B-bottom
location
N, XGV X-explosive fallurle, G—gauge area, V-various
ocations
N,+FO150 M(xyz)GB M(xyz)-multi-modes, ngauge area, B-bottom
location

3.1.5. Ashby Diagram of the Tensile Properties of CFRPs

The Ashby diagram presented in Figure 6 compares the Young’s modulus and UTS of
the materials investigated in this study with those reported by other researchers [12,40-45].
In general, the CFRPs in the current study, falling in Regions 1-3, demonstrate superior
tensile performance over MEX-printed continuous fibre-reinforced PA composites (Regions
4-6, with the data from literature, with PA/Nylon being the matrix of Onyx feedstock
filaments), with higher values in both Young’s modulus and UTS. Furthermore, after Nj-
purging and post-annealing, the UTS of GFF/Onyx composites (Region 2) could be as high
as 420 MPa, which falls into the upper range of the UTS values of 2000 series aluminium
(Al) alloys commonly used in aerospace manufacturing [46] (Region 7 with the data from
literature). Among the CFRPs in this study, the CFF/Onyx CFRPs (Region 1) stand out
for their excellent Young’s modulus and UTS. Nevertheless, the Young’s modulus of the
CRFCs remains low compared with aluminium alloys.
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Figure 6. Ashby diagram showing the UTS versus Young’s modulus of CFF/Onyx (Region 1),
GFF/Onyx (Region 2), and KFF/Onyx (Region 3) (from this study); CFF/PA (Region 4) [12,40], GFF/PA
(Region 5) [12,41], and KFF/PA (Region 6) [12,42]; and 2000 series Al alloys (Region 7) [43—45]. Please
note that solid symbols represent the data from literature.

3.2. SEM Analysis

Microstructures were observed at both (1) the fracture surfaces of Onyx_AP and
Onyx_FO150, and CFF/Onyx_AP and CFF/Onyx_FO150 specimens (Section 3.2.1), and
(2) the individual carbon fibres in a CFF/Onyx_FO150 specimen, as well as the fracture
surfaces of CFF/Onyx_FO180 and KFF/Onyx_FO180 specimens (Section 3.2.2).

3.2.1. Fracture Behaviours of Neat Onyx and CFF/Onyx Under AP and FO150 Conditions

Figure 7 presents SEM images of partial fracture surfaces for neat Onyx and CFF/Onyx
specimens under AP and FO150 conditions. In Figure 7a, the Onyx_AP specimen shows a
rough fracture surface with a “wet” and porous morphology, suggesting good wettability
and fusion of Onyx layers. After annealing at 150 °C for two hours (Figure 7b), the fracture
surface becomes denser and smoother, indicating reduced ductility and a more brittle
fracture behaviour. Figure 7c shows that the CFF/Onyx_AP specimen exhibits a rough and
viscous fracture surface, with better fusion between the CFF and Onyx layers, reflecting
effective load transfer and fibre filament. In contrast, the CFF/Onyx_FO150 specimen in
Figure 7d displays a clean and brittle fracture surface with excessive delamination between
CFF and Onyx layers. These changes suggest interfacial degradation between CFF and
Onyx layers caused by thermal exposure.

Overall, the morphological differences between CFF/Onyx_AP and CFF/Onyx_FO150
confirm that post-annealing weakens the CFF-Onyx bonding and promotes premature failure.
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Figure 7. SEM images of partial fracture surfaces of tensile-tested specimens: (a) Onyx_AP;
(b) Onyx_FO150; (c) CFF/Onyx_AP; (d) CFF/Onyx_FO150.

3.2.2. Post-Annealing Effects on Carbon Fibres, CFF/Onyx_FO180, and KFF/Onyx_FO180

The brittle failure of the CFF/Onyx specimen is associated with the sudden failure
of individual carbon fibres within the CFF bundle, which can be observed in Figure 8a.
Figure 8b shows that individual carbon fibres in a CFF/Onyx_FO150 specimen broke into
short segments due to the embrittlement after annealing [47]. This explains the drop in
tensile properties observed for CFF/Onyx specimens after post-printing annealing. Further-
more, based on the visual inspection and thickness measurements of the tensile specimens,
significant thermal expansion was observed in the CFF/Onyx_FO180 specimens, whereas
all specimens under FO90 and FO150 conditions exhibited minimal dimensional changes
of less than 3%. Notably, one CFF/Onyx_FO180 specimen showed a substantial thickness
increase of 37.7%. For comparison, Figure 8c,d show the SEM images of fractured edges,
which expose the internal fibre and Onyx layers along the build direction, representing
partial cross-sections of CFF/Onyx_FO180 and KFF/Onyx_FO180.

The extensive structural damage associated with thermal expansion and delamination
in the CFF/Onyx specimens is mainly caused by the difference in the coefficients of
thermal expansion (CTE) of CFF and Onyx. Representative CTE values in the in-plane
(longitudinal and transverse) and through-thickness directions obtained from various
papers and websites are summarised in Table 7. Previous studies have shown that fibre
composites can exhibit a highly anisotropic CTE. The mismatch in thermal expansion,
both between the fibres and the impregnating resin, and between the fibre-reinforced
and matrix layers, can generate significant residual stresses during annealing, leading to
internal cracking and interfacial delamination, ultimately causing premature failure of the
composite parts [48-51]. As a result, post-annealing at 180 °C induces extensive cracking
and the formation of large voids throughout the cross-section of CFF/OnyX, particularly
within CFF layers, as illustrated in Figure 8c.

The longitudinal deformation difference between the fibre layers and the Onyx layer
is expected to be comparable for both carbon fibre and Kevlar fibre layers because the
values of the longitudinal CTE of carbon fibres and Kevlar fibres are similar. However,
the difference in transverse CTE between carbon fibres and Onyx is considerably larger
than that between Kevlar fibres and Onyx, which results in the distortion of CFF/Onyx
specimens during heat treatment and leads to delamination when the mismatch between
Onyx and CFF layers prevails on the interlayer bonding strength. According to the values
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in Table 7, the large through-thickness CTE of Onyx (approximately 248 x 107¢/°C)
compared to carbon fibres (less than 10 x 10-¢/°C) likely induces interlaminar residual
stresses during annealing and cooling processes [52]. These stresses promote delamination
and cracking, particularly in the CFF/Onyx_FO180 specimen. Moreover, the high thermal
conductivity of carbon fibres (exceeding 84.4 W m~ ! K~ for individual carbon fibres [53]),
as opposed to the relatively low thermal conductivity of Onyx (estimated between 0.3 and
0.9 Wm~! K~! depending on the print direction [54]), limits heat transfer to underlying
layers during annealing, distributing most of the thermal energy within the CFF layers and
impeding effective interlayer bonding. This mechanism contributes to poor adhesion and
delamination between CFF and Onyx layers [27].

(d) KFF/Onyx_FO180

58‘);1111 (+18%)

1-13 Tpm (51 ))’

‘ 6051m (+21%)

Figure 8. (a,b) SEM images of the fracture surface of a CFF/Onyx_FO150 specimen (a) brittle failure of
individual carbon fibres; (b) carbon fibres broken into short segments; and (¢,d) SEM images of partial
cross-sections of fractured specimens, showing layer-wise morphology along the build direction:
(c) CFF/Onyx_FO180; (d) KFF/Onyx_FO180 specimens. The thickness and the corresponding relative
change are also indicated in the brackets for each layer.

Interestingly, the difference in CTE between Onyx and Kevlar fibres is also remarkable
(Table 7), and yet the KFF/Onyx specimens did not experience any appreciable cracking or
delamination. One important reason for this lies in the different mechanical properties of
carbon and Kevlar fibres. Taking into consideration that the composite specimens under
exam behave as elastic multilayer systems, and that Onyx layers are identical in CFF/Onyx
and KFF/Onyx specimens, the thermal stresses in the fibre-reinforced layers are roughly
proportional to their Young’s modulus [55], where the Young’s modulus of CFF is more
than twice as much the Young’s modulus of KFF (Table 1).

Ultimately, it is worth noting that, although the Onyx matrix is nominally the same
across all composite types, the resin used to impregnate the fibres may vary. The contin-
uous carbon, glass, and KFF produced by Markforged® are reported to be impregnated
with distinct polyamide-based or proprietary thermoplastics, which may differ in their
CTEs and interfacial adhesion characteristics compared to the Onyx matrix [56-58]. Ad-
ditionally, the precise composition of the impregnating polymer remains proprietary and
undisclosed [12]. Such resin mismatches could contribute to differential thermal behaviour
and exacerbate internal stress accumulation during post-annealing, thereby promoting
interfacial degradation in CFF/Onyx specimens.
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Table 7. Summary of CTE values in three directions for printed Onyx parts, individual carbon fibres,
glass fibres, and Kevlar fibres.

Materials

CTE Range [Min, Max] (10~¢/°C)

Longitudinal Transverse Through-Thickness
Printed Onyx parts [59] [36, 46] 95 248
Carbon fibres [52,60-62] [—1,1] [2.4, 36] [5.9,7.7]
Glass fibres [63] [5,12] - -
Kevlar fibres [64—67] [-5.7, —2.7] [66.3, 75] -

3.3. DSC Analysis

The DSC curves of Onyx, CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens under
both AP and FO150 conditions are presented in Figure 9, where the labels “1” and “2”
refer to the first and second heating runs, respectively. For the Onyx_AP specimen, whose
thermogram is shown in Figure 9a, there is a small exothermic peak at approximately 66 °C,
which is slightly above the glass transition temperature of PA6 (Tg = 64.5 °C [36]), indicating
a structural relaxation [68]. Plausibly, this peak is not observed in the Onyx_FO150 specimen
because molecular chains have already experienced a structural rearrangement during
the annealing process, which results in a more stable and ordered molecular structure.
Moreover, a double endotherm is observed during the first heating run for all the specimens
under FO150 conditions (Figure 9b). In principle, the occurrence of this double peak may
be attributed to a few factors, including melting of two different phases or melting of a
single phase with different degrees of structural order [69,70]. This aspect will be discussed
in more detail on the grounds of the XRD results presented in Section 3.4.

51 Onyx_AP_1 § 51 CFF/Onyx_AP 1 £
Onyx AP 2 ] CFF/Onyx_AP_2 g
Onyx_FO1 50,1 E CFF/Onyx_FO150_1 £
4. [ ==mse Onyx_FO150_2 £ L — CFF/Onyx_FO150 2 2
< I
— & —_ Z
g 20 Double endotherm
¥ 3 r Reorganization exotherm % 3 F (INY
3 (above Tg) 2 \
° / o N
= 2 &= e
5 520 g
> |51
jan) jan)
1 1+
0 1 1 1 1 1
66
40 °° 90 140 190 240 290 40 90 140 190 240 290
Temperature (°C) Temperature (°C)
(a) (b)
= g 5 - z
2 2
4 3
4 3 4 r Z
P ) )
™ —_
X 20
Water evaporation
% 3 % 3 [ C L/ pC C
2 /
o ; E Y
= Vg =
527 S 22
B 51
jant jant
1 GFF/Onyx_AP_1 Baseline KFF/Onyx_AP_1
GFF/Onyx_AP 2 1 r KFF/Onyx AP 2
GFF/Onyx_FOI50_1 KFF/Onyx_FO150_1
= ===+ GFF/Onyx_FO150_2 ~ - KFF/Onyx_FO150_2
0 ) f | ) ) 0 ) = - ) )

40 90 140 190 240 290 40 90 140 190 240 290
Temperature (°C) Temperature (°C)

(0) (d)

Figure 9. DSC curves of (a) Onyx; (b) CFF/Onyx; (c¢) GFF/Onyx; (d) KFF/Onyx specimens under
both AP and FO150 conditions.
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By comparing the curves of the AP specimens to the corresponding FO150 specimens,
in the first heating run, the curves of the AP specimens, especially for the GFF/Onyx
and KFF/Onyx specimens, show broad, relatively weak endothermic peaks starting from
approximately 100 °C. These peaks are caused by the evaporation of the absorbed water
inside the specimens [71]. Notably, these endothermic peaks are completely absent in the
first run heating curves of the FO150 specimens, which demonstrates the potential benefit
of post-annealing in reducing the moisture content of the printed specimens.

Relevant thermal properties of the printed specimens are derived from DSC curves
and summarized in Table 8. The melting point corresponds to the temperature at peak heat
flow, while the “melting peak” (enthalpy of fusion) is determined by integrating the peak
area above the baseline (Figure 9c). According to the results for the first heating run in
Table 8, the changes in melting point caused by post-annealing are negligible, whilst the
melting peak of FO150 specimens after post-annealing is always higher than that of the
corresponding AP specimen, which is a cue of a higher degree of crystallinity [27]. This
enhanced crystallinity suggests better polymer chain alignment, improving stress transfer
and load-bearing capacity [72].

Table 8. DSC results for Onyx, CFF/Onyx, GFF/Onyx, and KFF/Onyx specimens.

Material S . Melting Point (°C) Melting Peak (J/g)

ateria cenario 1st Heating Run 2nd Heating Run 1st Heating Run 2nd Heating Run

Onvx AP 203 198 18.6 14.3

Y FO150 201 200 26.8 18.5

AP 199 198 8.0 71

CFE/Onyx FO150 201 199 13.1 85

AP 200 199 13.2 11.8

GFE/Onyx FO150 201 200 14.1 10.2

AP 198 198 12.0 12.0

KFE/Onyx FO150 200 200 208 15.0

3.4. XRD Analysis

The presence of the double endotherm peak in the DSC curves of all FO150 specimens
(Figure 9) indicated a need to clarify the phase composition of the PA matrix. Based on the
double peaks observed at around 170 °C and 200 °C in the thermograms (Figure 9a), three
temperatures of 150 °C, 180 °C, and 220 °C were selected to anneal neat Onyx specimens for
two hours. The specimens, labelled as Onyx_FO150, Onyx_FO180, and Onyx_FO220, were
submitted for XRD analysis. In addition, a neat Onyx_AP specimen and a GFF/Onyx_AP
specimen were also analysed by XRD.

The diffractograms (in the 10-40° 26 range) are shown in Figure 10. The « polymorph
is the dominant phase in the Onyx_AP specimens. When subjected to post-annealing
at 150 °C, the crystallinity increases, and the 7y phase is still dominant, with a minor
fraction of a phase present, as evidenced by weak peaks at each side of the 7o) peak. At
180 °C, the 7y phase almost vanishes, whilst the ao00) and & (p2/202) peaks become dominant.
When the annealing temperature increases to 220 °C, the o phase disappears with only
the a(200) and & (gp2/202) peaks being visible in the diffractograms. This matches very well
the thermal behaviours of Onyx and PA6 described by Handwerker et al. [27] and Millot
et al. [73], respectively. In the research conducted by Millot et al. [73], the thermogram
of a PA6 specimen annealed at 200 °C presented a double endotherm similar to Figure 9.
Through wide-angle X-ray scattering (WAXS), Millot et al. [73] concluded that the double
endotherm was caused by the melting of two different polymorphs, namely « crystallites
and vy crystallites.
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Figure 10. Diffractograms of neat Onyx specimens treated by various annealing temperatures.

Table 9 lists the peak positions and the corresponding lattice spacings along with
the crystallinity obtained using DIFFRAC.EVA software (version 6.1). Analogous data
were also calculated for Onyx_AP and GFF/Onyx_AP specimens. An increase in crys-
tallinity is observed for Onyx_FO150 specimens, achieving the maximum crystallinity
among all tested temperatures. This enhancement in crystallinity can be attributed to the
increased chain mobility due to relaxation of the amorphous phase in PA6 [27] along with
interdiffusion between adjacent Onyx layers during post-annealing. The resulting chain
entanglement across the interface strengthens interfacial bonding, a phenomenon known
as autohesion, as reported by Awaja [74]. In addition, XRD results indicate the presence
of both oc and y crystalline phases of PA6. These polymorphs exhibit distinct mechanical
behaviours: the a-phase is associated with a more ordered crystalline structure, leading to
improved stiffness and higher Young’s modulus, whereas the y-phase, with its more loosely
packed structure and greater interchain distance, contributes to increased ductility [75,76].
Therefore, the increased Young’s modulus and UTS of Onyx_FO150 specimens as discussed
in Section 3.1.2 can be attributed to increased crystallinity and the favourable transfor-
mation of the crystalline phases. Subsequently, the crystallinity progressively decreases,
with Onyx_FO180 exhibiting lower crystallinity and Onyx_FO220 showing the lowest. The
calculated d values in Table 9 are consistent with the data reported in the literature for the
« and <y polymorphs of PA6 [77,78], so the PA in the Onyx filaments can be reasonably
identified as PA6. In particular, according to previous studies [27], the peaks at 26 values of
approximately 23.6° and 26.8° can be attributed to the & polymorph of PA6, whilst the y
polymorph exhibits a peak at around 24.8°.

Furthermore, the XRD analysis reveals remarkable similarities in phase composition
between the GFF/Onyx_AP and Onyx_AP, where the diffractograms are presented in
Appendix C. It is therefore very likely that the PA6 in Onyx plays a predominant role in
the phase transitioning and crystalline structures of CFRPs as well. Moreover, the double
endotherm in the first heating run of the DSC curves of all FO150 specimens in Figure 9 is
most likely attributable to the melting processes of different PA6 phases during the first
heating run. Finally, the absence of double peaks in the second heating curves is caused
by the complete melting of all the phases after the first heating run ramping up to 300 °C,
whereafter the material recrystallises to the (0 phase.
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Table 9. XRD results of Onyx specimens being post-annealed at various temperatures and the

GFF/Onyx_AP specimen.

Specimen 26 at Peak (°) d Spacing (nm) X 1 (%)
Onyx_AP 24.77 0.417 22.0
Onyx_FO150 (1st peak) 23.76 0.435
Onyx_FO150 (2nd peak) 24.98 0.414 244
Onyx_FO150 (3rd peak) 26.34 0.393
Onyx_FO180 (1st peak) 23.44 0.441
Onyx_FO180 (2nd peak) 24.63 0.420 214
Onyx_FO180 (3rd peak) 27.17 0.381
Onyx_FO220 (1st peak) 23.67 0.436 16.0
Onyx_FO220 (2nd peak) 26.81 0.386 )
GFF/Onyx_AP 24.97 0.414 20.8

1 X, refers to the degree of crystallinity of specimens calculated by DIFFRAC.EVA software.

4. Conclusions

This research examined the effects of N, purging and post-annealing on the tensile

properties of three types of CFRPs produced by MEX additive manufacturing, namely: car-
bon fibre-reinforced Onyx (CFF/Onyx), glass fibre-reinforced Onyx (GFF/Onyx), and
Kevlar fibre-reinforced Onyx (KFF/Onyx). The key findings from this research are

as follows:

N,-purging, post-annealing, and their combination (N,+FO150) improved the Young's
modulus and UTS of KFF/Onyx specimens;

For GFF/Onyx, Ny-purging, post-annealing, and their combination (N,+FO150) had a
very minor effect (no more than 6%) on the Young’s modulus, while positive effects
were observed for the UTS. Remarkably, the UTS of GFF/Onyx reached an average
value of 399 MPa following the application of the combined treatment, surpassing
the highest average UTS of (as printed) CFF/Onyx by over 6%. Moreover, the UTS
of GFF/Onyx was comparable to that of 2000 series aluminium alloys. This finding
highlighted the efficacy of the combined treatment in significantly improving the
mechanical performance of GFF/Onyx, offering valuable implications for additive
manufacturing. Specifically, GFF/Onyx, after combined treatment, presented poten-
tial for substituting traditional metal materials, contributing to weight reduction in
relevant industrial applications such as aerospace manufacturing;

For CFF/Onyx specimens, Np-purging had a substantial positive effect on the Young’s
modulus. On the other hand, post-annealing at 90 °C and 150 °C had negligible effects
on the Young’s modulus, while post-annealing at 180 °C reduced the Young’s modulus.
The combined treatment (N;+FO150) resulted in similar effects on the Young’s mod-
ulus. For UTS of CFF/Onyyx, all treatments, including N,-purging, post-annealing,
and their combination, reduced the UTS of CFF/Onyx. Scanning electron microscopy
(SEM) analysis revealed large interlayer gaps and fibre detachment after annealing
at 150 °C. At 180 °C, post-annealing induced thermal expansion, embrittlement of
carbon fibres, and crack propagation, all contributing to decreased UTS in CFF/Onyx
specimens;

The different effects of Np-purging, post-annealing, and their combination (N,+FO150)
on the Young’s modulus and UTS of CFF/Onyx, GFF/Onyx, and KFF/Onyx suggested
that the response of CFRPs to N-purging and post-annealing was material-dependent,
emphasising the need for a targeted approach in optimising the mechanical properties
of additively manufactured composite materials;
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e DSC analysis of as-printed (AP) and post-annealed (FO150) Onyx, CFF/Onyx,
GFF/Onyx, and KFF/Onyx specimens revealed structural relaxation, increased crys-
tallinity, double endothermic peaks, and reduced moisture content after annealing at
150 °C. These observations indicate enhanced molecular stability and load-bearing
capability. XRD analysis confirmed the polyamide component as PA6 and attributed
the double endothermic peaks observed in DSC curves to the melting of distinct PA6
crystalline phases. Both DSC and XRD analyses consistently demonstrated increased
crystallinity in the specimens annealed at 150 °C.

Future research will investigate the impact of Np-purging and post-annealing on
diverse mechanical properties of CFRPs, including compression and three-point bending.
Such multifaceted exploration will contribute to a comprehensive understanding of the
thermal and mechanical behaviour of additively manufactured CFRPs, thereby improving
the fabrication processes and enabling wider industrial applications.
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Appendix A. Chamber Temperature (CT) and Relative Humidity (RH)
Recordings

Table Al. CT and RH during carbon fibre-reinforced Onyx (CFF/Onyx) specimen printing.

Specimen AP N, FO90 FO150 FO180 N,+FO150
CT (°O) 35.72 36.87 35.21 36.98 35.21 36.10
RH (%) 27.08 3.10 32.46 28.67 32.46 7.52

Note: AP: as-printed specimens; Nj: specimens printed with Np-purging; FO90, FO150 and FO180: specimens
annealed at 90 °C, 150 °C and 180 °C for two hours; N, +FO150: specimens printed with N,-purging and annealed
at 150 °C for two hours after printing.

Table A2. CT and RH during glass fibre-reinforced Onyx (GFF/Onyx) specimen printing.

Specimen AP N, FO90 FO150 FO180 N;+FO150
CT (°C) 34.62 34.89 32.31 31.79 35.13 35.68
RH (%) 29.68 4.49 28.41 37.20 29.66 7.19

Table A3. CT and RH during Kevlar fibre-reinforced Onyx (KFF/Onyx) specimen printing.

Specimen AP N, FO90 FO150 FO180 N,+FO150

CT (°C) 36.18 36.40 37.17 36.18 34.28 34.66
RH (%) 24.05 11.04 23.21 24.05 24.04 5.24
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Appendix B. Evaluation of Post-Annealing Duration

To investigate the effect of annealing duration, GFF/Onyx specimens were post-
annealed at 150 °C for two, six, and 18 h, respectively. Five indicators were selected to
characterise the properties of post-annealed specimens, namely Young’s modulus, UTS,
failure strain, strain energy, and annealing duration/energy consumption. The stress-strain
curves of the post-annealed GFF/Onyx specimens are shown in Figure Al. The failure
strain is the maximum strain that each specimen reached at the point of fracture or failure.
The strain energy was calculated by integrating the area under the stress-strain curve up to
the failure strain for each specimen. Additionally, energy consumption was determined
by multiplying the annealing duration by the power of the fan oven dryer, which was
assumed to be 0.8 kW according to the oven’s specifications.

Particularly, the unconventional shape of the “18 h_2” curve for the GFF/Onyx speci-
men is likely due to excessive deformation and premature failure resulting from material
degradation after prolonged annealing. Compared to the specimens annealed for two and
six hours, which exhibited typical linear-elastic behaviour followed by brittle failure, the
18-h specimen showed signs of matrix softening and potential fibre-matrix debonding.
These effects likely impaired stress transfer efficiency and promoted unstable crack propa-
gation, leading to the irregular, wavy stress-strain response observed. Similar degradation
effects have been reported in conventionally manufactured fibre-reinforced composites.
Salvi et al. [79] observed that prolonged annealing (ranging from 16 to 192 h) significantly
reduces both flexural strength and strain at maximum load in short glass fibre-reinforced
PA66, with the extent of degradation increasing with annealing duration. While short-term
ageing may initially enhance flexural strength due to stress relaxation and annealing ef-
fects, prolonged thermal exposure results in deterioration driven by thermal oxidation.
In addition, Liao et al. [80] also reported that prolonged thermal ageing up to 4000 h at
95 °C induces interfacial degradation in injection-moulded glass fibre-reinforced epoxy
composites. While their study focused on long-term exposure at a lower temperature,
the underlying degradation mechanisms were consistent with the interfacial damage and
specimen deformation observed in the 18-h GFF/Onyx specimen. These findings suggest
that long-term annealing effects on AM CFRPs require further investigation.

The indicators for the post-annealed GFF/Onyx specimens and the best and worst
values for each indicator are provided in Table A4. For the Young’s modulus, the UTS, the
failure strain and the strain energy, the best and worse values were determined, respectively,
as 120% of the highest values among 2-h, 6-h and 18-h annealing, and zero; for the annealing
duration and energy consumption, the best values are 0, while the worst values are the
longest duration and highest consumption.

Table A4. Indicators for the GFF/Onyx specimens subjected to post-annealing at 150 °C for two, six,
and 18 h.

18-h

Indicator 2-h Annealing  6-h Annealing . Best Value Worst Value
Annealing
Young’s modulus (GPa) 10.4 11.1 119 14.3 0
UTS (MPa) 386 400 339 480 0
Failure strain [-] 0.039 0.039 0.053 0.064 0
Strain energy (J) 41.84 51.95 75.81 90.97 0
Annealing duration 5 6 18 0 18
(hours)
Energy consumption 1.6 48 14.4 0 14.4

(kWh)




Polymers 2025, 17, 2314

22 of 26

450 2 hours 1
----- 2 hours_2
— - -2 hours_3 P |
400 r 6 hours_1 4
----- 6 hours 2 \ |
— - =6 hours_3 o
350 F 8 hours_1 i Y | oo,
—_ | eme-- 18 hours_2 . - e ity W
& 300 + — - -18hours_3 H | a
= - |
LN I |
2 250 4 47 |
g 7 A0 :
o 200 | e i ! |
N =
e 150 | i : :
: | :
il : |
100 i | |
il - :
- ‘ !
50 i | | i
0 . il [ L ;
0 0.02 0.04 0.06 0.08 0.1
Strain (mm/mm)
Figure Al. Stress-strain curves of GFF/Onyx specimens subjected to post-annealing for two, six, and
18 h.

For clearer comparisons, a normalisation method, Equation (A1) [81], was used to

normalise the indicators, and the normalised indicators were plotted in the spider diagram

in Figure A2.
.. Test value — Worst value
Normalised index =
Best value — Worst value
2 hours Young's modulus
6 hours
18 hours

Annealing duration/
energy
consumption

UTS

/ \

Strain energy Failure strain

(A1)

Figure A2. Spider diagram of the normalised indicators of the GFF/Onyx specimens subjected to
post-annealing at 150 °C for two, six, and 18 h.

According to Table A5, assigning an equal weighting factor (20%) to each indicator,
post-annealing at 150 °C for two hours resulted in a final weighted score of 0.7 out of 1,
demonstrating that it is an efficient method for achieving good tensile performance while

consuming reasonable amounts of time and energy.
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Table A5. Normalised indices and weighted scores of each indicator for GFF/Onyx subjected to
post-annealing for two, six, and 18 h.

Parameter 2-h Annealing 6-h Annealing 18-h Annealing
Young’s modulus 0.73 0.78 0.83
UTs 0.80 0.83 0.70
Failure strain 0.60 0.61 0.83
Strain energy 0.46 0.57 0.83
Annealing
duration/energy 0.89 0.67 0.00
consumption
Weighted score 0.70 0.69 0.64

Appendix C. Diffractograms of Onyx_AP and GFF/Onyx_AP Specimens
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Figure A3. Diffractograms of Onyx_AP and GFF/Onyx_AP specimens.
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