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ARTICLE INFO ABSTRACT

Keywords: Polyether ether ketone (PEEK) is a high-performance thermoplastic widely used in aerospace, biomedical,

Additive manufacturing automotive, and nuclear sectors owing to its excellent mechanical, thermal, and chemical stability. Fused

PEEK . o filament fabrication (FFF) has recently emerged as an accessible additive manufacturing route for PEEK,

i“S_Ed filament fabrication enabling the production of customized components with complex geometries. However, the long-term aging
ging

behavior of FFF-printed PEEK remains poorly understood. Environmental stressors such as UV radiation,
humidity, and temperature can induce chain scission, oxidation, and crystallinity variations, ultimately
affecting structural integrity and durability. Moreover, intrinsic microstructural features of FFF, including
interlayer porosity and filament orientation, may amplify these degradation phenomena compared to bulk
PEEK.

This study investigates the effects of controlled environmental aging — UV exposure, hygrothermal
conditions, and combined UV + hygrothermal treatments — on the mechanical, chemical, and tribological
properties of FFF-printed PEEK. Mechanical (tensile, hardness, and wear), chemical (FTIR, EDXS), and
morphological (SEM) analyses were employed. UV aging induced marked surface photo-oxidation and cracking,
while unexpectedly enhancing tensile strength and ductility, indicating damage confined to the outer surface.
Hygrothermal aging caused no significant oxidation but increased crystallinity and stiffness, with limited effects
on tensile properties and a moderate reduction in wear resistance. The combined UV+HT treatment produced
the most severe surface oxidation and erosion together with the highest strength and ductility, but the poorest
tribological performance. Overall, the results demonstrate a decoupling between surface degradation and bulk
mechanical behavior, revealing new pathways for tuning performance and guiding protection strategies for
FFF-printed PEEK.

1. Introduction PEEK components can be fabricated using various conventional
methods, including machining, injection molding, extrusion, and com-
pression molding. While well-established, these techniques have lim-

itations, such as high mold costs, long production times, and design

Polyether ether ketone (PEEK) is a semicrystalline thermoplastic
polymer belonging to the polyaryl ether ketone (PAEK) family [1].
Its molecular structure endows PEEK with a unique combination of
properties, including high mechanical strength, thermal and chemical
stability [2,3], wear and radiation resistance [4], and excellent bio-

restrictions. In recent years, additive manufacturing has expanded the
possibilities for PEEK applications, allowing the production of complex

compatibility [5]. PEEK has a melting temperature of approximately
340 °C, a glass transition temperature of 143 °C, and maintains its
mechanical properties up to around 260 °C, making it suitable for high-
performance applications [6]. These characteristics have promoted its
use in advanced sectors [7], such as biomedical, aerospace, automotive,
and nuclear industries, where lightweight, strong, and stable materials
are required under extreme conditions [8].
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geometries and customized components [1]. Among the adopted tech-
nologies, Selective Laser Sintering (SLS), Direct Ink Writing (DIW), and
Fused Filament Fabrication (FFF) stand out. SLS, although promising,
is limited by high costs, low part density, and powder recycling chal-
lenges [9]. DIW suffers from low mechanical strength and requires com-
plex post-processing. In contrast, FFF offers process simplicity, lower
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costs, and ease of use, making it the most widely employed technique
for PEEK in research, production, and educational settings [1].

PEEK is increasingly processed through FFF for the production of
complex and high-performance components due to its excellent me-
chanical properties. In particular, previous studies have shown that
FFF-manufactured PEEK can exhibit remarkable static mechanical per-
formance [10] as well as good fatigue resistance [11], making it
suitable for demanding engineering applications.

However, the mechanical performance and overall quality of FFF-
produced PEEK components are strongly influenced by the processing
conditions [12]. Variations in printing parameters—such as nozzle
temperature, printing speed, layer thickness, and raster orientation—
can significantly affect interlayer bonding, porosity, and crystallinity,
leading to considerable differences in the mechanical behavior of the
printed parts. Moreover, differences in printing systems and processing
strategies can further contribute to variability in the final properties of
FFF-manufactured PEEK components.

Although many studies have investigated the influence of FFF print-
ing parameters on the final properties of PEEK components, aging
remains a less explored aspect. Understanding aging is crucial for
evaluating long-term reliability and performance.

Polymer aging is a complex process influenced by environmental
factors such as UV radiation, humidity, and temperature, which lead to
photo-oxidation, hydrolysis, and chain scission. Common consequences
include loss of mechanical strength, embrittlement, yellowing, and
changes in crystallinity. Studies on conventional polymers such as
polystyrene (PS) and polyvinyl chloride (PVC) have shown that UV
exposure induces radical formation [13], C-H bond cleavage, and the
formation of oxygen-containing groups (G=0, C-0), leading to surface
degradation, reductions in mechanical performance [14,15], as well as
creep and color changes [16]. Similar effects have been observed in
polycarbonate (PC) [17]. In polyolefins, such as polypropylene (PP),
polyethylene (PE), and thermoplastic polyurethane (TPU), aging is
accelerated by combined heat and radiation, causing photo-oxidation
and abrasion that lead to microcracks and microplastic formation [18,
19]. Bioplastics, including polylactic acid (PLA), are also sensitive to
moisture and light, which promote hydrolysis and photo-oxidation,
resulting in significant reductions in molecular weight and mechanical
strength [20,21]. These phenomena also affect composites, which may
exhibit delamination, swelling, and polymer chain scission [22].

In additive manufacturing polymers, such as PLA, PETG and ABS,
UV [23,24] and hygrothermal [25] aging effects are often amplified
by the layer-by-layer structure, which introduces weaker interlayer
bonding and variations in crystallinity.

Several studies have investigated the response of pure PEEK to dif-
ferent aging conditions, including gamma irradiation [36] and chemical
exposure [37]. In this work, the focus is placed on environmentally
relevant aging conditions, UV, hygrothermal, and thermal exposure.
Table 1 summarizes the main literature studies addressing these con-
ditions, reporting processing routes, aging parameters, characterization
techniques, and key findings. Environmental and thermal aging can in-
duce photo-oxidation, hydrolysis, and chain scission, leading to changes
in crystallinity, embrittlement, and reductions in mechanical perfor-
mance. For conventional PEEK, UV exposure has been shown to pro-
mote oxidation and surface degradation, increasing variability in me-
chanical response [26]. Similarly, stress- and temperature-dependent
embrittlement has been observed in extruded PEEK sheets [27]. Hy-
grothermal aging affects filament properties and print quality, increas-
ing porosity and reducing density, hardness, and tensile strength [1].
Moisture absorption also leads to reductions in tensile and compressive
properties in injection-molded PEEK [32] and minor modulus decreases
in FFF-printed samples [33]. Thermal aging induces crosslinking and
secondary crystallization, which increase stiffness but reduce ductility
and long-term thermal stability [6]. Thermo-oxidative aging of ex-
truded and stretched PEEK initially increases strength due to crosslink-
ing, then leads to degradation and reduced crystallinity at higher tem-
peratures [29]. Long-term cyclic and thermal exposure in FFF-printed
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PEEK shifts crystallization and increases embrittlement [34]. Combined
thermo-oxidative and humidity exposure decreases crystallinity and
elongation, increases brittleness, and degrades dielectric properties [8].
Chain scission and crosslinking induced by thermal aging also reduce
elongation while increasing dielectric losses [30]. Injection-molded
PEEK shows improved stiffness and strength under thermal aging, but
toughness and impact resistance decrease, while tribological perfor-
mance may improve [31]. In FFF-printed PEEK, anisotropy introduced
by layer orientation strongly influences flexural behavior, whereas
moisture uptake has limited effect [35]. Despite pure PEEK’s resis-
tance to environmental stressors, most studies focus on bulk or sheet
samples produced via conventional processes. Data on FFF-printed com-
ponents remain sparse, and the effects of combined aging conditions
on their chemical, mechanical, and morphological properties are not
fully understood. The present work addresses this knowledge gap by
systematically investigating UV, thermal, and hygrothermal aging of
FFF-PEEK. Chemical changes are analyzed via FTIR and EDXS, me-
chanical properties via tensile, hardness, and wear tests, and surface
morphology via SEM, providing a comprehensive understanding of
aging mechanisms in additively manufactured PEEK.

2. Materials and methods
2.1. Sample design and printer settings

In the present study, PEEK filament (Intamsys, 1.75 mm in diame-
ter) was employed for specimen fabrication. Printing was carried out
using an Intamsys Funmat HT printer, equipped with a closed build
chamber, which ensured the maintenance of a thermally stable envi-
ronment throughout the entire manufacturing process. The processing
parameters, reported in Table 2, were selected according to the optimal
conditions identified in the work of Billé et al. [12].

Wear specimens were produced according to the geometrical di-
mensions reported by Regis et al. [38], while tensile specimens were
fabricated following the ISO 527-2:2012 standard [39]. The specimen
geometry was based on type 5 A; however, a thickness of 4 mm
was adopted to accommodate the requirements of the additive man-
ufacturing process and to ensure sufficient interlayer bonding and
structural integrity. All specimens were manufactured using the same
printing parameters, ensuring internal consistency of the results. A full
factorial experimental design was adopted in this study. A total of
twelve specimens were prepared for each geometry, corresponding to
three replicates for each aging condition in addition to the as-printed
reference. The number of specimens is considered sufficient to ensure
repeatability and statistical reliability. The geometrical details of the
specimens are shown in Fig. 1.

All specimens were fabricated with a horizontal orientation on the
build platform, with the larger surface of the specimen in direct contact
with the platform. Wear specimens were polished to minimize the
influence of printing-induced surface irregularities on the trajectory
of the wear test probe. Three distinct aging protocols were applied.
In the first, specimens were exposed to ultraviolet (UV) radiation
at 300-400 nm within a suntest XLS+ chamber for 168 h, with an
intensity of 65 W/m?. This exposure corresponds approximately to 6-8
months of outdoor UV exposure, assuming a typical monthly UV dose of
5-7 MJ/m?. In the second, hygrothermal aging (HT) was performed by
exposing the specimens to a controlled environment at 88 °C and 90%
relative humidity (RH) for 168 h in a climatic chamber (model Camera
climatica Genviro). In the third protocol, specimens were subjected to
a combined aging treatment, consisting of sequential exposure to both
UV and hygrothermal conditions (UV+HT). In Fig. 2, the aged tensile
specimens and the effect of each aging treatment on their color can
be observed. Accelerated aging durations reported in the literature for
PEEK vary widely depending on the applied environmental conditions
and the investigated degradation mechanisms, ranging from a few
hours to several weeks, as summarized in Table 1. In the present study,
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Summary of literature studies on pure PEEK aging, reporting processing methods, aging conditions (UV irradiation, thermal and hygrothermal exposure), key
parameters (temperature, relative humidity, wavelength, exposure time and environment), characterization techniques and main findings. Acronyms used: TOA =
Thermo-Oxidative Aging; HT = Hygrothermal; RH = Relative Humidity; T = Temperature; t = Time; E = Energy dose; o = Applied stress; Tens. = Tensile; Comp.
= Compression; 3PB = Three-point bending; diel. = dielectric; { = zeta potential; resist. = resistivity; diel. str. = dielectric strength; CA = contact angle; MFR =

Melt Flow Rate.

Ref. Proc. Aging conditions Tests Key results

[26] Injection molding UV, A>300nm, T =60 °C, t = 0-382 h FTIR, DSC, u-indent. Oxidation leads mainly to crosslinking, forming
aromatic products; crystallinity and modulus
increase with an oxidized surface layer.

[27] Extruded sheet UV, 4 = 250-400 nm, T = 80-130 °C, E FTIR, XPS, DSC, u-indent., Tens. Embrittlement depends on stress and

= 347x10* J/em?, ¢ = 0-4.68 MPa, temperature, showing a balance between chain
vacuum scission and crosslinking.

[28] FFF UV, 4 = 340 nm, 0.83 W/m?, t = 3PB, Tens., DMA, DSC, TGA Reprocessing of UV-aged PEEK is feasible with

170-350 h limited degradation of properties.
[1] Filament (FFF) HT, T = 25 °C, RH = 60%, t = 0-72 h SEM, Tens., dens., hard., MFR, Moisture absorption degrades print quality,
microscopy increasing porosity and reducing density,
hardness and tensile strength.

[6] Melt-spun fibres Thermal, T = 250 °C, t = 1-128 d DSC, FTIR, rheol., TGA, Tens., Crosslinking and secondary crystallization

SEM, UV-Vis increase stiffness but cause embrittlement and
reduced thermal stability over time.

[8] Films TOA, T = 250 °C + cyclic HT, T = FTIR, SEM/EDS, POM, Tens., Combined thermal and humidity aging reduces

90 °C, RH = 90%, t = 24-170 h DMA, DSC, TGA, UV-Vis, diel. crystallinity and ductility, increases oxidation,
brittleness and dielectric degradation.

[29] Extrusion/ stretching TOA (air), T = 170-310 °C, t = 14 d Tens., FTIR, DSC, TGA Strength increases up to ~290 °C due to
crosslinking, then degradation dominates with
reduced crystallinity and stability.

[30] Sheets TOA (air), T = 280 °C, t = 0-2852 h Tens., FTIR, DSC, TGA, diel., ¢, Aging induces chain scission and crosslinking,

resist., diel. str. lowering crystallinity and elongation,
increasing dielectric losses and oxidation.

[31] Injection molding Thermal, quench from 360 °C, then T = DSC, 3PB, Charpy, CA, wear Aging increases stiffness and strength but

310 °C, t = 60 min reduces toughness; tribological performance
improves.

[32] Injection molding HT, T = 70 °C, RH = 85% Gravim., Tens., Comp., SEM Moisture follows Fickian diffusion; tensile
strength strongly decreases, modulus slightly
affected.

[33] FFF HT, T = 70 °C, RH = 85%, t = 1000 h TGA, FTIR, DSC, DMA, Tens., Slight modulus reduction, negligible changes in

SEM Tg, crystallinity and tensile strength.
[34] FFF Thermal, T = 250 °C, t = 2-10 h; DSC, Tens. Aging shifts crystallization and increases
long-term T = 200 °C, t = 10-30 d; embrittlement after prolonged exposure.
cyclic 100 cycles at 200 °C (24 h)
[35] FFF HT, T = 132 °C, RH = 100%, P = 1.2 3PB, SEM, water abs. Accelerated aging degrades mechanical
atm, t = 5 h; prior annealing up to properties due to crystal structure defects;
200 °C flexural behavior is strongly dependent on
build orientation, while moisture uptake shows
negligible influence.
Table 2 and Energy-Dispersive X-ray Spectroscopy (EDXS). For reference, the
Fused filament fabrication printing parameters. same characterization procedures were also carried out on as-printed

Parameters Values Units specimens, enabling direct comparison with the aged samples.

Nozzle temperature 420 °C

Nozzle speed 40 mm/s 2.2. Chemical analysis

Layer thickness 0.1 mm

Nozzle diameter 0.4 mm A chemical analysis was carried out to gain deeper insight into

Bed temperature 145 c the behavior of the materials during the printing process, which di-

Chamber temperature 90 °C ) . .

Infill pattern 4545 R rectly affects the final properties of the samples. To assess possible

Infill density 100 % modifications in the polymer composition induced by the FFF process,

Number of perimeters 1 wall Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy

Number of top/bottom solid layers 3 layer (ATR-FTIR) was employed. Measurements were performed using a

an aging duration of 168 h was selected as a representative expo-
sure time capable of inducing measurable variations in the material
properties while maintaining a feasible experimental timeframe.

The effects of the three aging treatments were assessed by evalu-
ating the mechanical properties of the specimens, together with mi-
crostructural and chemical analyses performed by Scanning Electron
Microscopy (SEM), Fourier-Transform Infrared Spectroscopy (FTIR),
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Thermo Fisher Scientific Nicolet iS™ 50 spectrometer. Infrared spectra
were collected at a resolution of 2 cm™! over the spectral range of
500-4000 cm~!, with 32 scans recorded for each measurement.

The chemical composition was determined by Energy-Dispersive X-
ray Spectroscopy (EDXS) using a system integrated into the Scanning
Electron Microscope (SEM). For each aging condition, EDXS measure-
ments were performed at three locations on one tensile specimen and
at eight locations on different wear specimens outside the wear tracks,
followed by an additional eight measurements within the wear tracks
on different specimens.
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Fig. 1. Geometries of the specimens used in the wear and tensile tests
(dimensions in mm). Top: wear test specimen; bottom: tensile test specimen.
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Fig. 2. Aged tensile specimens.

2.3. Surface morphology

The samples were examined using a Zeiss EVO 40 scanning elec-
tron microscope (SEM) for surface characterization. For each aging
condition, the upper surfaces of three specimens were analyzed at
an accelerating voltage of 20 kV. Surface images were acquired at
magnifications of 50x, 200x, and 1000x for the tensile specimens,
and at 50x and 200x for the surfaces and wear tracks of the wear
specimens.

2.4. Mechanical testing

Wear tests were carried out using a CTER UMT-3 tribometer in
a ball-on-flat configuration. The counterbody consisted of an Al,0;
sphere with a diameter of 1/8", in accordance with the study by Regis
et al. [38]. The instrument was equipped with a biaxial load cell with
a maximum capacity of 10 N, and a normal load of 7 N was applied
on the pin. Tests were performed in reciprocating mode with a 10 mm
stroke at 1 Hz. The initial test duration was set to 3600 s, corresponding
to a total sliding distance of 72 m. For each configuration, three
specimens were tested to ensure statistical significance of the results.

The wear rate was determined from the volumetric loss, measured
using stylus profilometry. The wear rate (K) was calculated as: K =
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V,/(S - F,) where V, is the removed material volume, S the sliding
distance, and F, the applied normal load [40].

The wear tracks were analyzed using a Sensofar S-Neox non-contact
microscope operating in confocal mode, equipped with a Nikon EPI
20x objective (pixel size: 0.34 pm/pixel). An area of 2.01 x 1.68 mm?
was scanned, and the corresponding wear track profiles were extracted
using Sensofar SensoVIEW software.

Tensile tests were conducted on dedicated specimens using a Shi-
madzu AGX-V2 universal testing machine equipped with a 5 kN load
cell, following the ISO 527-1:2012 standard. The crosshead speed was
initially set to 1 mm/min to determine the Young’s modulus (E), and
subsequently increased to 5 mm/min.

Hardness measurements were performed using a DuraJet G5 device
equipped with a 5 mm spherical indenter, under an applied force of 358
N, following the EN ISO 2039-1 standard [41]. The measurements were
carried out on the surfaces of the specimens after the wear test, in areas
located outside the wear tracks. Specifically, three indentations were
made in the central region of each sample and three in the outermost
area.

All tests were performed under standard ambient conditions.

For each tensile test, three repetitions were performed for each
aging condition to ensure sufficient repeatability. For the tribological
wear and hardness tests, three measurements were taken on each
specimen, resulting in a total of nine repetitions per aging condition.
Statistical significance among the investigated conditions was eval-
uated using one-way analysis of variance (ANOVA) implemented in
MATLAB (p < 0.05). When significant differences were detected, post-
hoc multiple comparisons were performed using the Tukey-Kramer
method to identify pairwise differences between groups. All statistical
analyses were performed using MATLAB. The reported p-values indi-
cate whether differences between aging states were statistically signif-
icant. This approach provides a robust framework for interpreting the
experimental results and ensures the reproducibility and transparency
of the data analysis.

3. Results
3.1. Chemical analysis

Fig. 3 presents the normalized FTIR spectra of aged and non-aged
PEEK, with the main vibrational bands indicated. The assignment of
these bands to their respective vibrational modes is reported in Table
3. The spectra show differences between the as-printed material (AP)
and the samples subjected to UV (UV), hygrothermal (HT) and com-
bined UV+hygrothermal (UV+HT) aging. In all cases, the characteristic
absorption bands of PEEK are observed, with no additional bands
appearing after aging [33].

The AP sample exhibits the typical spectrum of PEEK, character-
ized by well-defined peaks corresponding to aromatic C-H stretch-
ing at 3065 cm~!, aliphatic methylene vibrations between 2920 and
2850 cm~!, the carbonyl band at 1648 cm~!, and the aromatic ring
skeletal vibrations between 1595 and 1488 cm™! [44,47]. After UV ex-
posure, the spectra show an increase in the intensity of the broad band
around 3400 cm~! in the 4000-2000 cm™~! region. The aromatic band
at 3065 cm~! and the aliphatic bands between 2920 and 2850 cm™!
also exhibit higher intensity compared with the AP condition. In the
fingerprint region, the carbonyl band at 1648 cm~! becomes broader
and more intense. The HT-aged sample exhibits more limited spectral
variations. The aromatic bands between 1595 and 1488 cm~! appear
slightly more intense, and a small increase in the intensity of the
C=0 and C-O-C bands is observed. In the 3600-3200 cm~! region,
no noticeable increase in band intensity is detected. The UV+HT aged
sample shows the most pronounced spectral variations. The broad band
in the 3600-3200 cm™! region increases markedly in intensity. Changes
in the intensity and shape of the aromatic and aliphatic C-H bands
are also observed. In the fingerprint region, the carbonyl band at
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Fig. 3. Normalized FTIR spectra of aged and non-aged PEEK.
Table 3

Summary of the main FTIR vibrational bands identified in additively manufactured PEEK and the related

vibrational modes.

Position [em™!] Vibrational Mode Reference
3600-3200 O-H stretching [42]
3065 CH-stretching vibration of the aromatic rings [42]
2920-2850 Aliphatic methylene group vibrations [42]
1648 C=0 stretching (ketone group) [43]
1595, 1488, 1420 Skeletal vibration of phenyl ring [44]
1310 Bending motion of the ketone group (C-C(=0)-C) [45]
1280, 1218, 1185 Asymmetric stretching of the diphenyl ether group C-O-C [8]
1155, 1010 C-H bending (aromatic) [44]
925 Diphenyl ether group vibration [46]
860-670 Out-of-plane bending of aromatic C-H [45]
Table 4 Statistical analysis confirms that both UV and UV+HT aging lead
Carbon/Oxygen weight ratio measured on tensile and wear to a significantly higher oxygen content compared with the as-printed
specimens. samples (p < 0.001). A significant difference is also observed between
Sample C/0 [ the UV and UV+HT conditions (p < 0.006). The slightly higher C/O
As-printed 3.67+0.20 ratio measured for the UV+HT samples indicates that their oxygen
UV aging 2.61+0.17 content is somewhat lower than that of the UV-aged samples.
HT aging 3.51+£0.27
UV+HT aging 2.85+0.23

1648 cm~! appears broader and slightly asymmetric. Variations in the
C-0-C bands between approximately 1150 and 1200 cm~! and in the
bands between 900 and 800 cm™! are also detected.

The EDXS analysis was performed to evaluate the surface chem-
ical composition of the samples after the different aging treatments.
The mean carbon-to-oxygen (C/O) weight ratios measured for each
condition are reported in Table 4.

A clear decrease in the C/O ratio is observed after UV aging,
indicating an increase in oxygen content at the sample surface. In
contrast, the HT-aged samples exhibit values comparable to those of
the as-printed condition, suggesting that hygrothermal exposure alone
induces only limited oxidation. The combined UV+HT treatment results
in intermediate C/O values between the AP and UV conditions.
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3.2. Surface morphology

The surfaces of the samples subjected to tensile and wear tests
were analyzed by scanning electron microscopy (SEM), as shown in
Figs. 4 and 5. In the AP sample, the surface appears relatively ho-
mogeneous and free of macroscopic defects, with well-defined and
regular deposition lines. In Fig. 5(a), these lines are clearly visible,
and a localized defect can be observed on the surface. For the UV-
aged sample, the surface remains generally smooth but appears less
homogeneous than the AP condition. Altered regions and small point-
like defects are visible. More pronounced cracks are observed along the
deposition lines (Fig. 5(b)). Scattered micro-pores are also detected and
are preferentially oriented along the printing direction. The edges of
the cavities appear irregular and rough. In the HT-aged sample, the
surface shows more pronounced micro-grooves and an overall wavy
morphology. At higher magnifications, the microstructure appears com-
pact and relatively uniform, and no evident micro-porosity is observed.
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Fig. 4. SEM micrographs of the tensile specimen surfaces. Columns correspond to the different aging treatments applied, while rows represent the various

magnification levels.

50x

200x

Fig. 5. SEM micrographs of specimen wear surfaces. Columns indicate the applied aging treatments, while rows correspond to different magnifications.

The UV4HT sample exhibits the most pronounced surface alterations.
Numerous defects such as micro-craters and eroded areas are visible.
The deposition lines appear more irregular than in the other samples,
and cavities and micro-voids are distributed along the deposition paths.

3.3. Mechanical testing

The results of the tensile and hardness tests performed on FFF-
printed PEEK samples in the AP condition and after the different aging
treatments are summarized in Table 5. The statistical distribution of
the mechanical properties is shown in Fig. 6, while the representative
stress—strain curves are reported in Fig. 7.

All samples exhibit the typical mechanical response of semicrys-
talline PEEK, characterized by an initial linear elastic region followed
by plastic deformation up to failure. The initial portions of the stress—
strain curves are nearly overlapping for all conditions.

Statistical analysis shows that aging has a significant effect on
the ultimate tensile strength (UTS) (p < 0.05), meaning that at least
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Table 5
Mechanical properties values: ultimate tensile strength (UTS), elastic modulus
(E), maximum elongation percentage (%EL) and hardness (HB).

Sample UTS E %EL HB
[MPa] [MPa] [%] [MPa]
As-printed 55.6+1.1 1858 +97 6.4+0.1 276 + 16
UV aging 594+ 1.1 1787 + 160 6.7+0.5 281+ 51
HT aging 56.6+2.2 1872 +73 6.6+0.2 263 +36
UV+HT aging 60.5+ 1.1 1836 + 53 72+02 223 + 60

one aging condition produces a measurable change in strength. In
contrast, the elastic modulus does not vary significantly among the
tested conditions (p > 0.05), indicating that the bulk stiffness of the
material remains essentially unchanged. The maximum elongation at
break is close to the significance threshold (p ~ 0.05), suggesting only
minor differences among the conditions.
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Table 6

Wear tests values: removed material volume (V,) and wear coefficient (K).
Sample v, K

[mm?3] [10° mm3/Nm]

As-printed 0.004 + 0.007 14 +8.8
UV aging 0.197 +£0.071 390 + 140
HT aging 0.030 + 0.025 60 + 50
UV+HT aging 0.299 + 0.160 590 + 330
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Fig. 7. Tensile stress-strain curves of PEEK samples subjected to different
aging conditions.

As reported in Table 5, UV aging leads to an increase in tensile
strength compared with the as-printed condition. The HT-aged samples
exhibit tensile properties comparable to the AP samples, while the
combined UV+HT treatment results in the highest tensile strength and
elongation at break among the investigated conditions. In all cases, the
elastic modulus remains within a similar range.

Regarding hardness, statistical analysis indicates that the aging
conditions significantly influence the measured values (p < 0.05).
While the UV-aged samples show hardness values comparable to those
of the as-printed material, the HT treatment produces a slight re-
duction. The lowest hardness values are observed for the UV+HT
condition, indicating a softening of the surface after the combined aging
treatment.

3.4. Tribological behavior

The results of wear test are summarized in Table 6, where is indi-
cated the values of removed material volume (V,) and wear coefficient
(K). Fig. 8 shows the transverse profiles of the wear tracks obtained for
the samples under the different aging conditions, while Fig. 9 presents
the corresponding 3D topographical maps.

The as-printed (AP) samples exhibit the best tribological perfor-
mance, characterized by the lowest wear volume and wear coefficient
among all tested conditions.
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After UV aging, the wear behavior deteriorates markedly. The wear
track becomes wider and deeper, indicating a substantial increase
in material removal compared with the AP condition. The HT-aged
samples show an intermediate wear response. Although the wear track
is deeper than that of the AP samples, it remains significantly less
pronounced than that observed after UV aging. The most severe wear
behavior is observed for the UV+HT condition. In this case, the wear
track reaches the greatest depth and displays the widest profile among
the tested samples, indicating the highest level of material removal.
EDXS measurements performed inside the wear tracks reveal a lower
oxygen content compared with the surrounding surface for both UV
and UV+HT conditions (Fig. 10), suggesting that the reciprocating wear
process removes the oxidized surface layer generated during aging.

4. Discussion
4.1. Chemical degradation mechanisms

The FTIR spectral changes observed after aging provide insight
into the chemical degradation mechanisms affecting additively man-
ufactured PEEK. The increase in the broad band around 3400 cm™!
observed after UV exposure can be attributed to the formation of hy-
droxyl groups generated during photo-oxidation and to the adsorption
of moisture on the oxidized surface. Similar spectral features have been
reported in previous studies on UV-aged PEEK and other aromatic
polymers [42,48]. The increase in the intensity of the aromatic and
aliphatic C-H bands may be associated with polymer chain scission
processes induced by ultraviolet radiation. Photodegradation can gen-
erate shorter molecular segments with higher vibrational mobility,
which may lead to changes in band intensity in the high-frequency
region [49]. In addition, the broadening of the carbonyl band at
1648 cm™! suggests the formation of additional oxidized species such as
secondary carbonyls or carboxylic groups. In contrast, the more limited
spectral variations observed after hygrothermal aging indicate that this
treatment induces weaker chemical modifications. The absence of a
significant increase in the O-H band suggests that oxidation processes
are relatively limited under these conditions. The slight increase in the
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Fig. 9. Wear traces after (A) AP, (B) UV, (C) HT, and (D) UV+HT aging. The color bar indicates depth.
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Fig. 10. EDXS analysis of the UV (a) and UV+HT (b) aged samples within and outside the wear track. Points 1-7 correspond to the UV condition: areas 1-4 are
located outside the wear track (O = 27.88 + 1.66 wt%), while areas 5-7 are located inside the wear track (O = 21.48 + 0.75 wt%). Points 8-13 correspond to
the UV+HT condition: areas 8-10 are outside the wear track (O = 26.54 + 0.52 wt%), whereas areas 11-13 are inside the wear track (O = 21.71 + 0.60 wt%).

intensity of aromatic and carbonyl bands may instead reflect structural
rearrangements occurring within the semicrystalline polymer matrix.
Elevated temperature can increase chain mobility within the amor-
phous regions, promoting molecular reorganization and potentially
increasing the degree of crystallinity [8], a mechanism inferred from
literature rather than experimentally verified in the present work. The
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combined UV+HT condition produces the most pronounced spectral
modifications. The strong increase in the O-H band together with the
broadening of the carbonyl peak indicates that photo-oxidation remains
the dominant degradation mechanism. At the same time, changes ob-
served in the C-O-C and aromatic deformation bands suggest that
the hygrothermal environment may contribute to additional structural
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rearrangements within the polymer matrix. The coexistence of these
effects points to a synergistic interaction between photodegradation
and thermally activated molecular mobility in the aged material.

The EDXS results provide insight into the chemical modifications
occurring at the surface of the aged PEEK samples. The significant
decrease in the C/O ratio observed for the UV-aged samples indicates a
clear increase in oxygen content compared with the as-printed material.
This behavior is consistent with the occurrence of photo-oxidation
processes induced by ultraviolet radiation. During UV exposure, the ab-
sorption of high-energy photons by the aromatic backbone of PEEK can
generate free radicals through chain scission reactions. These radicals
subsequently react with atmospheric oxygen, leading to the formation
of oxygen-containing functional groups such as hydroxyls, carbonyls,
and peroxides on the polymer surface. The increase in oxygen concen-
tration detected by EDXS therefore reflects the progressive oxidation of
the outermost layer of the material. The hygrothermal treatment pro-
duces a much smaller variation in the C/O ratio. The HT-aged samples
exhibit values close to those of the as-printed condition, indicating that
oxidation processes remain relatively limited under these conditions. As
reported in the literature, thermo-oxidative reactions in PEEK proceed
more slowly and to a lesser extent at moderate temperatures [48].
Consequently, hygrothermal exposure mainly promotes physical or
microstructural changes rather than significant chemical oxidation.
For the combined UV+HT condition, the oxygen content remains sig-
nificantly higher than in the AP samples but slightly lower than in
the UV-only condition. This behavior suggests that the hygrothermal
environment may influence the evolution of the oxidized surface layer
formed during UV exposure. Increased molecular mobility at elevated
temperature can promote partial structural rearrangement or diffusion
processes within the near-surface region, which may slightly reduce
the accumulation of oxygen-rich species. The EDXS results are in good
agreement with the FTIR analysis presented in the previous section.
In particular, the increase in oxygen content observed after UV and
UV+HT aging correlates with the intensification of the O-H and GO
absorption bands detected in the FTIR spectra. These complementary
observations confirm that photo-oxidation represents the dominant
chemical degradation mechanism affecting the surface of PEEK under
ultraviolet irradiation.

4.2. Morphological degradation

The SEM observations provide insight into the degradation mech-
anisms affecting the surface morphology of additively manufactured
PEEK under the different aging conditions. The relatively smooth and
homogeneous morphology observed in the AP samples reflects the
typical surface characteristics of FFF-manufactured PEEK, where the
deposition lines produced during the printing process remain clearly
visible. After UV exposure, the appearance of cracks, micro-pores and
irregular cavities indicates the onset of surface degradation phenomena
associated with ultraviolet irradiation. Similar morphological changes
have been reported in the literature for polymers subjected to UV-
induced photodegradation [17,50]. The formation of pores and cracks
is generally attributed to chain scission and oxidation reactions occur-
ring at the polymer surface, which progressively weaken the material
and promote the development of micro-defects. The presence of bubbles
and surface cavities after UV aging has also been reported by Lin
et al. [30]. The HT-aged samples exhibit a different surface evolution.
The wavy morphology and the presence of micro-grooves are likely
related to the relaxation of residual stresses generated during the
additive manufacturing process. Thermal exposure can increase the
mobility of polymer chains within the amorphous regions, allowing
partial structural rearrangement and stress relaxation. This mechanism
may explain the relatively compact and uniform microstructure ob-
served at higher magnifications, as well as the absence of significant
micro-porosity. In contrast, the UV+HT condition leads to the most
severe surface degradation. The extensive presence of micro-craters,
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voids and eroded regions suggests that the simultaneous action of
ultraviolet radiation and hygrothermal exposure amplifies the degra-
dation processes occurring at the polymer surface. Similar synergistic
effects between photodegradation and thermo-oxidative mechanisms
have been reported for other polymeric materials [21]. The combined
action of oxidative reactions and thermally activated molecular mo-
bility can promote the propagation of cracks and the enlargement of
surface defects. These morphological observations are consistent with
the chemical modifications identified by FTIR and EDXS analyses. In
particular, the increase in oxygen-containing functional groups de-
tected by FTIR and the higher oxygen concentration measured by EDXS
after UV and UV+HT aging indicate that photo-oxidation processes
occur at the material surface. Such chemical degradation mechanisms
can weaken the polymer structure and facilitate the formation of cracks,
pores and eroded regions observed in the SEM micrographs.

4.3. Effect of aging on mechanical properties

The mechanical results indicate that the different aging treatments
influence the tensile response of FFF-printed PEEK in distinct ways. The
nearly overlapping elastic regions observed in the stress—strain curves
suggest that the elastic modulus is only marginally affected by aging.
This behavior indicates that the bulk stiffness of the material remains
largely preserved, which is consistent with the FTIR results showing
limited chemical degradation of the polymer backbone [33,51]. The
increase in tensile strength observed after UV exposure may be related
to surface oxidation processes that lead to the formation of a slightly
stiffened superficial layer. Limited crosslinking reactions and oxidative
modifications can locally enhance the load-bearing capacity without
significantly reducing ductility. In contrast, hygrothermal aging pro-
duces only minor changes in tensile properties. The slight increase
in elastic modulus observed for the HT samples may be attributed to
thermally induced molecular rearrangements, potentially leading to an
increase in crystallinity. Elevated temperature can promote polymer
chain mobility within the amorphous regions, allowing partial struc-
tural reorganization of the semicrystalline structure. The combined
UV+HT treatment produces the most pronounced mechanical response,
characterized by the highest tensile strength and elongation at break.
This behavior suggests a synergistic interaction between UV-induced
oxidation and thermally activated molecular rearrangement processes.
Hardness measurements reveal a different trend. While UV exposure
alone has little effect on surface hardness, the UV+HT condition pro-
duces a clear reduction. This softening effect may result from the
progressive degradation of the oxidized surface layer combined with
thermally activated molecular mobility within the near-surface region.

4.4. Tribological degradation mechanisms

The wear results reveal that aging treatments significantly affect
the tribological performance of FFF-printed PEEK. The excellent wear
resistance observed for the AP samples reflects the integrity of the
original polymer surface and the absence of degradation phenomena.
In contrast, UV aging produces a marked deterioration of wear be-
havior. The significant increase in wear depth and removed material
volume indicates that the surface layer becomes more susceptible to
mechanical damage. This degradation can be attributed to UV-induced
photo-oxidation, which weakens the cohesion of the polymer chains
at the surface. The HT condition produces a more moderate deteri-
oration of wear resistance. Although thermal exposure can promote
molecular rearrangement and increased crystallinity, the resulting mi-
crostructure may become more brittle and less capable of forming
a stable transfer film during sliding contact. The most severe wear
degradation is observed for the UV+HT condition. The combined ac-
tion of photo-oxidation and hygrothermal exposure promotes extensive
surface damage, leading to deeper wear tracks and higher material
removal. These tribological results are consistent with the chemical
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and morphological analyses presented earlier. FTIR and EDXS analyses
revealed the formation of oxygen-containing functional groups and
an increase in surface oxygen concentration after UV and UV+HT
aging. SEM observations further showed the presence of micro-cracks,
pores and surface defects generated during aging. The combined ef-
fect of chemical oxidation and microstructural degradation weakens
the surface layer, facilitating crack propagation and material removal
during sliding contact. The EDXS measurements performed inside the
wear tracks show a lower oxygen concentration compared with the
surrounding surface. This observation suggests that the reciprocating
motion during the wear test removed the superficial oxidized layer
formed during aging, exposing the less oxidized subsurface material.

The high standard deviations, particularly for the wear coefficient,
can be attributed to the intrinsic heterogeneity of FFF-printed PEEK.
Small variations in deposition parameters and cooling rates lead to local
differences in crystallinity and interlayer adhesion, which significantly
affect the mechanical and tribological behavior of the material [52].
Moreover, wear tests are inherently sensitive to surface and envi-
ronmental conditions, further amplifying the scatter in the measured
values. In particular, the layer-by-layer nature of FFF introduces inter-
layer porosity, raster orientation effects, and local variations induced
by surface finishing (e.g., polishing), all of which generate spatially
heterogeneous mechanical properties. Since tribological response is
highly sensitive to local defects and surface discontinuities, these mi-
crostructural and morphological inconsistencies directly contribute to
the observed dispersion in wear results.

4.5. Overall degradation mechanism of aged PEEK

The results obtained from the different experimental techniques
provide a consistent picture of the degradation mechanisms affect-
ing FFF-printed PEEK under the investigated aging conditions. FTIR
analysis revealed the progressive formation of oxygen-containing func-
tional groups, particularly hydroxyl and carbonyl species, indicating
the occurrence of photo-oxidation processes. This observation was
quantitatively supported by EDXS measurements, which showed a clear
increase in surface oxygen content after UV and UV+HT exposure. The
chemical modifications detected by these techniques are accompanied
by morphological changes observed by SEM, where UV-aged surfaces
exhibit micro-cracks, pores, and localized defects aligned with the
printing direction. These defects weaken the integrity of the surface
layer and act as preferential sites for crack initiation and propagation
under mechanical loading.

The tensile results indicate that the bulk mechanical response of
the material remains relatively stable despite surface oxidation. Slight
increases in ultimate tensile strength and elongation at break observed
for the UV and UV+HT conditions suggest that aging does not sig-
nificantly compromise the structural integrity of the bulk material.
This behavior highlights the fact that the degradation mechanisms are
mainly confined to the superficial layers of the printed components.

In contrast, tribological performance is strongly affected by aging
treatments. The severe increase in wear volume and wear coefficient
observed for UV and especially UV+HT conditions demonstrates that
the oxidized and micro-cracked surface layer becomes significantly
more susceptible to material removal during sliding contact. The EDXS
measurements performed inside the wear tracks further confirm this
mechanism, showing a reduced oxygen concentration compared to the
surrounding surface, which indicates that the wear process removes the
oxidized layer generated during aging and exposes the less degraded
subsurface material.

Taken together, these results suggest that UV radiation primarily in-
duces surface photo-oxidation, while hygrothermal exposure enhances
molecular mobility and structural rearrangement within the polymer
matrix. The combined action of these mechanisms leads to progressive
surface degradation and defect formation, which strongly influences
tribological behavior while leaving the bulk mechanical properties
largely unaffected.
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5. Conclusions

In this study, FFF-printed PEEK specimens were subjected to ul-
traviolet (UV), hygrothermal (HT), and combined UV+hygrothermal
(UV+HT) aging. Their chemical, morphological, mechanical, and tribo-
logical behavior was systematically investigated through FTIR, EDXS,
SEM, tensile, hardness, and wear analyses. The results demonstrate
that the different degradation mechanisms activated by UV radiation,
hygrothermal exposure, and their combined action produce markedly
distinct effects on the structure and properties of FFF-printed PEEK.

UV aging induces pronounced surface photo-oxidation. This chem-
ical degradation is directly reflected in the surface morphology —
micro-cracks, pores, and increased roughness — and leads to a dras-
tic loss of wear resistance. However, the tensile response shows an
unexpected increase in strength and elongation at break, suggesting
that oxidation remains confined to the outermost layer without com-
promising the bulk structure, which instead appears to become more
consolidated.

Hygrothermal aging produces less severe changes. FTIR analysis
reveals structural chain rearrangement and enhanced crystalline order.
As a result, a slight increase in elastic modulus and a substantial
retention of tensile strength are observed, confirming the stabilizing
effect of thermal treatment. At the same time, the increased crystallinity
makes the surface more fragile under contact, reducing wear resistance.
Therefore, hygrothermal aging can improve internal microstructural
integrity while penalizing tribological performance.

The simultaneous exposure to UV and HT activates a synergistic
degradation mechanism. FTIR shows the highest chemical complexity,
while SEM reveals a heavily eroded and cratered surface. Despite
this, tensile tests indicate the greatest increase in strength, modulus,
and ductility among all aging conditions, suggesting that the surface
degradation is accompanied by bulk molecular rearrangement and
strengthening. Tribologically, however, the UV+HT condition results
in the most severe wear, characterized by deep abrasion tracks and ex-
tensive surface failure. This clearly demonstrates that bulk mechanical
properties are not predictive of wear performance in aged materials.

The results demonstrate that environmental aging affects the surface
and bulk properties of FFF-printed PEEK in different ways. While the
bulk mechanical response remains relatively stable, or even slightly
improved, surface degradation caused by oxidation significantly com-
promises wear resistance. These findings indicate that, for engineer-
ing applications of FFF-printed PEEK exposed to aggressive environ-
ments, mechanical performance alone cannot be considered a reliable
indicator of long-term tribological durability.

Therefore, in practical applications, the mechanical and tribological
design of FFF-printed PEEK components should be considered sepa-
rately. Specific post-processing or surface protection strategies may be
required to preserve surface integrity while maintaining the favorable
bulk mechanical properties of the material.
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