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ARTICLE INFO ABSTRACT
Keywords: From 1990 to 2020, the total weight of composites integrated in airplane structures increased from 5 to 50%
Carbon fibre-reinforced thermoplastic contributing to reduce fuel consumption and CO, emission. However, environmental weathering conditions
composite i alter the stability and durability of load-bearing composite components. Three carbon fibre-reinforced high-
fﬂccier‘fte? degfradatlon performance thermoplastic composites — polyphenylene sulphide (PPS), polyether imide (PEI), and polyether
echanical performance ether ketone (PEEK) — used in aviation are exposed to combined ultraviolet radiation (UV), humidity and

temperature, following ASTM D4329-21 for up to 28 days. To support characterisation, the corresponding
neat polymer films of PPS, PEI, and PEEK were aged under the same conditions. The polymer matrix of the
composites degraded following two distinct mechanisms. CF/PPS predominantly cross-linked, which resulted in
increased brittleness, reduced crystallinity and increased in tensile strength after 28 days. In contrast, CF/PEI
and CF/PEEK underwent primarily chain scission, leading to decreased T, (PED, increased crystallinity (PEEK),
and reduced tensile strength (CF/PEEK and CF/PEI) after exposure.
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1. Introduction

The application of carbon fibre-reinforced polymer composites in
the aviation and aerospace fields has experienced significant growth,
now constituting approximately 50% of the total weight of aircraft
structures. This tendency is motivated by rising fuel prices and the im-
perative to reduce CO, emissions, necessitating the use of lightweight,
durable, and high-strength materials [1]. In a composite, the polymeric
matrix also called resin, can be categorised as either thermoset or
thermoplastic [2].

While thermosetting resins, particularly epoxy, have historically
dominated composite applications, there is a growing interest in ther-
moplastic resin systems [3]. Initially, thermoplastics such as polyamide
and polycarbonate [4] were perceived as lacking in mechanical and
thermal properties [3]. Over the years, their properties were enhanced
by optimising the polymer’s molecular structure. The incorporation of
rigid aromatic rings to strengthen intermolecular forces and flexible
groups such as sulphide (polyphenylene sulphide), sulfone (polyether-
sulfone), ester (polyethylene terephthalate), and ether (polyetherimide)
led to the development of high-performance thermoplastics [5] that
exhibit superior thermomechanical properties and can sustain extensive
damage without failure. As the performance of thermoplastics becomes
comparable to thermosetting materials, their use as substitutes for ther-
mosets increases, driven by their superior mouldability, recyclability,
and lower cost of production [5,6]. Despite their numerous advan-
tages, thermoplastics have limitations, such as their high processing
temperatures and melt viscosity, which complicate their processing
and make it challenging to achieve proper fibre impregnation. Ad-
ditionally, their sensitivity to the surrounding environment with UV
radiation and humidity often leading to premature material degrada-
tion and failure [7]. While considerable research has been dedicated
to improving the properties of composites, as well as their shaping
and assembly, their durability under weathering conditions remains
underexplored [8]. Major concerns relate to the performance of the
composite after long-term exposure to environmental weathering like
UV radiation and water absorption [8,9]. Water absorption can lead
to reversible degradation in the form of plasticisation or irreversible
chemical ageing such as hydrolysis, oxidation, chain scission, and
cross-linking [10,11].

Due to the popularity of carbon fibre-reinforced epoxy composites
- a thermoset matrix polymer - in the aviation industry, the effects
of various weathering conditions and UV radiation on their degra-
dation have been widely studied [12,13]. A significant detrimental
effect on the longevity of carbon fibre-reinforced epoxy is its hygro-
scopicity, which can rapidly lead to structural failure of the polymer
matrix [11]. At the opposite, the limited use of carbon fibre-reinforced
thermoplastics in such applications results in limited research and
substantial knowledge gaps in this area. Out of all the thermoplas-
tics, the superior temperature resistance of polyether ether ketone
(PEEK) and its derivatives, relative to other high-performance ther-
moplastics such as polyphenylene sulphide (PPS) and polyether imide
(PEI), establishes them as the preferred matrix materials for carbon
fibre-reinforced composite components in aerospace and aviation ap-
plications, despite their significantly higher cost [14,15]. Because of
the widespread usage of poly(aryl ether)-based composites in the in-
dustry, the research on their degradation linked to extreme weathering
conditions such as UV radiation, temperature, and humidity is the
most extensive [16-19]. Unfortunately, the majority of degradation
studies on thermoplastics have primarily concentrated on the polymer
itself, rather than its behaviour within a composite [20]. Among the
few studies on fibre-reinforced thermoplastic composites exposed to
extreme weathering conditions, Niu et al. [21] investigated the com-
bined effect of UV radiation and water condensation on the degradation
of carbon fibre-reinforced PEEK (CF/PEEK), while Dolo et al. [17]
focused on its thermal exposure. Batista et al. [22,23] studied the
impact of different degrees of crystallinity on CF/PEEK and carbon
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fibre-reinforced polyphenylene sulphide (CF/PPS) degradation under
combined UV radiation and condensation, hygrothermal, and salt fog
exposure. The impact of different weathering conditions on the me-
chanical and thermal performance of CF/PPS composites was also
evaluated [7,24,25]. Several studies assessed the effect of hygrothermal
ageing on glass fibre-reinforced PEI [26] and PPS [9]. However, these
studies used different ageing methodologies (e.g. water immersion ver-
sus condensation, UV powers, temperatures) to assess the degradation
of high-performance thermoplastic composites, making it difficult to
conduct a reliable comparative analysis.

In this study, the combined effects of UV-A radiation and water con-
densation on three high-strength, lightweight carbon fibre-reinforced
thermoplastic composites are examined. This research offers a com-
parative analysis of carbon fibre-reinforced PPS, PEI, and PEEK com-
posites, focusing on the impact of prolonged environmental ageing
on their properties. A range of analytical techniques is employed to
characterise the materials, including tensile testing to assess mechan-
ical strength, scanning electron and confocal microscopy to inves-
tigate morphological changes, energy dispersive X-ray spectroscopy
and Fourier-transform infrared spectroscopy (FTIR) for chemical anal-
ysis, and differential scanning calorimetry (DSC) to evaluate thermal
properties.

2. Materials and methods
2.1. Materials and specimen preparation

Three different carbon fibre-reinforced thermoplastic samples sup-
plied by Toray Advanced Composites (Netherlands) were manufactured
to achieve a final laminate thickness of 2.5 mm. Per the supplier’s
guidelines, all plies used to produce the laminates were dried overnight
at 120 °C. The material properties of all thermoplastic composites are
detailed in Table 1. Carbon fibre/polyether imide (CF/PEI) laminates
were fabricated using unidirectional pre-impregnated Toray Cetex®
TC1000 Design plies, containing a 66/34 carbon fibre to resin ratio
by weight. These laminates were produced via compression moulding
of CF/PEI pre-impregnated plies to create balanced [0,90]4s composite
laminates. They were heated to 350 °C (recommended processing
temperature T,) under a pressure of 0.3 MPa for 15 min. Following
this, the pressure was raised to 2 MPa for another 15 min to con-
solidate the laminate before gradually cooling to room temperature
over approximately 60 min. Throughout the cooling phase, pressure
was maintained. Similarly, the CF/PPS laminates were fashioned us-
ing unidirectional pre-impregnated Toray Cetex® TC1100 Design plies
with the same weight fraction of carbon fibre to resin and a [0,90]5
configuration. The plies were heated to 315 °C and consolidated under
1 MPa for 15 min before cooling while maintaining pressure. Finally,
CF/PEEK laminates in a [0,90]4 configuration, were prepared using
Toray Cetex® TC1200 Design plies. These plies were heated to 380 °C
with a pressure of 1 MPa and consolidated under 2 MPa pressure
for 20 min, followed by cooling under pressure. CF laminates were
used for various analyses, including optical photography, confocal
microscopy, and scanning electron microscopy to investigate surface
wear and topography, as well as energy-dispersive X-ray spectroscopy
for chemical composition analysis, and mechanical testing. Additional
pure polymer films, composed of the same resin and supplied by
Toray with a thickness of 80 pm, were also subjected to ageing in the
environmental chamber. These films were included to facilitate chem-
ical (infrared spectroscopy) and thermal characterisation (differential
scanning calorimetry).
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Table 1
Materials properties of the different thermoplastic composites.

Materials Thermal Mechanical Type CF/resin
T, T, T, tensile strength 0° mass ratio
°C °C °C MPa

CF/PEI Toray Cetex TC1000 217 N/A 350 516 Amorphous 66\34

CF/PPS Toray Cetex TC1100 920 280 315 736 Semi-crystalline 66\34

CF/PEEK Toray Cetex TC1200 143 343 380 776 Semi-crystalline 66\34

2.2. Ageing conditioning

Before ageing, to simulate the detrimental effects of UV radiation
coupled with water condensation, all thermoplastic composite speci-
mens measuring 250 x 25 x 2.5 mm® for mechanical testing as well
as smaller pre-cut samples for other type of characterisations were
placed within a weathering chamber and subjected to various expo-
sure durations: 3, 10, 21, and 28 days, equivalent to total radiation
doses of 230, 770, 1620 and 2150 kJ/m?, respectively. All samples
were pre-conditioned before ageing, following ASTM G147-17 [27].
The degradation mechanisms were assessed in accordance with ASTM
D4329-21 [28], which outlines the methodology for testing in a UV
radiation weathering chamber (QUV Accelerated Weathering Tester; Q-
Panel Lab Products, USA). The cycle exposure consisted of 8-h intervals
under UV-A light at 60 °C and 4-h intervals under water condensation
at 50 °C. The UV-A radiation was generated using fluorescent UV lamps
emitting wavelengths at 340 nm with an irradiance of 0.89 W/m?.

2.3. Characterisation

2.3.1. Mechanical characterisation

The tensile mechanical properties of unaged and aged coupons were
conducted on universal testing machine (MTS Alliance RF/200) with
a 200 kN load cell and with an axial extensometer (MTS, 634.25)
according to ASTM D3039/D3039M-17 [29], with a crosshead displace-
ment speed of 2 mm/min. Tensile testing of cross-ply carbon fibre
reinforced polymers laminates was chosen over other methods [30] to
evaluate overall mechanical performance and reveal how UV-induced
damage impacts load transfer and structural integrity, offering a com-
prehensive assessment of ageing effects. The specimens were cut into
coupons of 250 x 25 x 2.5 mm? according to the standard. Glass fibre-
reinforcement tabs (56 x 15 x 1.5 mm?3) were glued with HysolEA9696-
modified polyurethane adhesive and cured at 110 °C for 90 min on
both ends of the coupons. Four coupons were tested in each group, and
the tensile strength and modulus obtained were calculated according
to ASTM D3039/D3039M-17 [29]. The elastic modulus (E) was calcu-
lated using the chord modulus method, from ASTM D3039/D3039M-
17 [29]. Specifically, E was determined by calculating the slope of the
stress—strain curve between 0.1% and 0.3% strain.

2.3.2. Wear and surface characterisations

Samples were cut from a larger plate using a Diamond band saw
BS200 S prior to the ageing process. They were rinsed with deionised
(DI) water, dried with paper towels, and pre-conditioned in accordance
with ASTM G147-17 [27]. Each sample was exposed for a specified
duration and was not reused or reprocessed for further ageing. All
samples originated from a single batch. The morphologies of the unaged
and aged composites were examined using the BackScattered Electron
(BSE) mode of a Scanning Electron Microscope (SEM) at 15 kV en-
ergy (Hitachi TM3000, Hitachi High-Technologies, Japan) and at a
magnification of 6000x to highlight the crack formation and surface
morphology of the samples. Before SEM analysis, the samples were
dried in an oven set at 120 °C overnight. The photographs were taken
using a Canon DS126231 camera and a SIGMA 105 mm 1:2:8 DG Macro
HSM lens. The pristine and aged surfaces of the composite samples were
observed with confocal microscopy (OLS 4100, LEXT, Olympus) at a
magnification of 1000x and with an x,y resolution of 0.12 pm and a

depth resolution of 10 nm. Three areas for each sample are measured.
To quantify the extent of polymer removal from the surface, 28 line
profiles were extracted for each sample to measure the arithmetic
average roughness (Ra) and the average maximum penetration depth.
To calculate the average maximum penetration depth, the minimum
value from each surface profile, corresponding to the deepest point
of polymer removal, was recorded. This method offers a localised
and targeted measurement of material loss, in contrast to Ra, which
provides a more general assessment of the overall surface texture.

2.3.3. Thermal characterisation

Thermal evaluation of the polymer films before and after exposure
was carried out using a differential scanning calorimeter (DSC2500,
TA Instruments, USA). Measurements were performed on the pure
polymer rather than the CF composite due to the low signal intensity
from the high CF content. While this approach ensures reliable data
for the polymer phase, CF may influence crystallinity [30]. PPS and
PEI samples were heated once up to 350 °C, and to 400 °C for
PEEK at a sweep rate of 10 °C/min in an inert nitrogen atmosphere.
Next, the samples were cooled to 40 °C at a rate of 10 °C/min, and
heated once more. For assessing the effects of ageing on the polymer
thermal properties, the relevant thermal properties, including glass
transition temperature (7, g), melting temperature (7,,) and associated
melting enthalpy (4H,,) of the polymers, were determined from the
first heating cycle to better reflect the material original structure. CF
presence could further impact crystallisation behaviour, warranting
future investigation. Each measurement was repeated three times. The
degree of crystallinity y. was calculated according to :

_AH,,
T AH?

Xe @
with AH?, the theoretical melting enthalpy of a fully crystalline sample
reported to be 80 J/g for PPS [23] and 130 J/g [18,31] for PEEK.

2.3.4. Chemical characterisation

The Energy Dispersive X-ray (EDX) mode of the SEM (Hitachi
TM3000, Hitachi High-Technologies, Japan) was used to obtain the
elemental composition on the same sample regions used for SEM but
at a lower magnification of 2000x to cover a wider field of view.
Before EDX analysis, the samples were dried in an oven set at 120 °C
overnight. Elemental composition was measured at 12 distinct points
per sample, differentiating between polymer-rich regions (represented
in green or blue in the images) and carbon fibre-rich regions (in
bright red). This targeted approach was chosen to precisely distinguish
between the two phases rather than relying solely on elemental map-
ping. The average atomic C/O ratio for the polymer-rich regions was
calculated and plotted with its standard deviation. The depth resolution
of EDX is 1 pm. Attenuated Total Reflectance — Fourier Transform
Infrared spectroscopy (ATR-FTIR) measurements were produced with a
model Spectrum One (Perkin-Elmer, Germany) using ATR (attenuated
total reflectance). Here, the analysis is performed on pure polymer film
specimens which underwent an initial drying process within an oven
set at 120 °C overnight. This preliminary treatment was implemented
to mitigate the influence of water absorption compared to polymer
chain degradation during the ageing procedure. Measurements were
obtained using the absorbance mode, in the spectral region of 450 to
4000 cm™! at a resolution of 4 cm~! and 100 accumulations. The data



A. Jean-Fulcrand et al.

0 day

3 days

b

CF/PEI CF/PPS

CF/PEEK

10 days

a
I""J.]”““L”|"”||l"n'.'"'ll“"g'."L““L““N“IL“ SR S
& f 8 h

Composites Part A 198 (2025) 109131

28 days
c

Fig. 1. Photograph of (a)-(e) CF/PPS, (f)-(j) CF/PEIL and (k)-(o) CF/PEEK at initial state and different combined UV radiation/condensation exposures.
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Fig. 2. SEM micrographs of (a)-(e) CF/PPS, (f)-(j) CF/PEIL and (k)-(o) CF/PEEK surfaces before and at different UV radiation/condensation exposures using a BSE detector.

were baseline-corrected and normalised. Specifically, the PPS samples
were normalised relative to the peak intensity observed at 1470 cm™!
whereas normalisation for the PEI samples was anchored to the peak
at 1495 cm1, and at 1595 cm™! for PEEK.

3. Results and discussion
3.1. Surface morphology analysis

In the early stages of ageing, photooxidation is visually manifested
by discolouration of the sample, which is caused by oxidation of the
molecular chains after exposure to UV radiation [32]. As shown in Fig.
1(a—e) and (k-o0), surface discolouration was observed on the CF/PPS
and CF/PEEK specimens. It can be seen that after 3 and 10 days, the
composite surfaces take on a shade of brown. After 21 days, the CF/PPS
and CF/PEEK samples became shinier and rougher, suggesting that the
polymer matrix was being removed, leaving the carbon fibres bare. In
the CF/PEI case (Fig. 1(f-j)), the polymer does not change colour with
increasing exposure, but the surface became rougher and shinier after
only 3 days of exposition, which also suggests an early erosion of the
polymer matrix.

However, upon closer examination using a SEM in Fig. 2, the degra-
dation mechanisms of CF/PPS, CF/PEL, and CF/PEEK begin to diverge.
Initially, the surfaces of all unaged thermoplastic composite specimens

were covered uniformly by a polymer matrix and no carbon fibres were
exposed. Yet, as UV radiation and condensation exposure increases,
cracks and cavities start to form and carbon fibres are revealed at the
surface.

In the case of CF/PPS, the degradation mechanism can be visualised
in Fig. 2(a—e). At 3 days of exposure (Fig. 2b), carbon fibres become
more prominent on the surface, while the polymer matrix exhibits
no noticeable defects. After 10 days, fine cracks start to form and
propagate within the polymer matrix and along the carbon fibre. This
is indicative of polymer matrix degradation, where the polymer is
gradually eroded away from the carbon fibres (Fig. 2(d—e)). This phe-
nomenon arises from the excessive brittleness of the polymeric matrix.
With prolonged exposure, the cracks are more important and severe
debonding is observed between the matrix and the fibres. Comparable
behaviours were described for epoxy and PPS composites [12,24]. Un-
like for CF/PPS, damages in the form of linear thin cracks appear after
only 3 days on the polymer matrix of CF/PEI composites (Fig. 2g). As
exposure increases (Fig. 2(g—j)), the polymer matrix continues to erode
rapidly around the carbon fibres, although the concentration of cracks
remains low and does not appear to be localised around the carbon
fibres. Additionally, small cavities begin to form at the crack sites
(see Fig. 2i). CF/PEEK specimens exhibit the most significant surface
damage to the polymer matrix (Fig. 2(k—0)). Large, deep cracks develop
after just 3 days of UV exposure and seem to propagate between carbon
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Fig. 3. 2D roughness map of (a)-(e) CF/PPS, (f)-(j) CF/PEI and (k)-(o) CF/PEEK before and after different UV radiation/condensation exposures using confocal microscopy.

fibres. With extended UV exposure, cavities form within the polymer
matrix, and delamination at the interface between the carbon fibres
and the matrix becomes more pronounced, leading to further matrix
erosion.

It is noteworthy that two distinct crack patterns are observed. On
the one hand, CF/PEEK and CF/PEI both develop parallel cracks that
remain isolated from one another. This type of crack is character-
istic of brittle fracture of the material. In contrast, CF/PPS exhibits
“channelled” cracks, where the cracks appear to propagate and branch,
forming an interconnected network and are usually observed in a more
ductile material. Crack formation is initiated by internal stresses that
develop within the materials. Under UV radiation, surface damage oc-
curs, altering the chemical structure of the materials. This degradation
can lead to a reduction in chain mobility due to cross-linking or oxida-
tive degradation, hence increasing the stiffness of the material. During
condensation, damage is caused by water diffusion in the material. If
the material is hygroscopic, it will be prone to water absorption leading
to deformation through swelling. As different regions of the material
degrade non-uniformly under UV exposure, uneven swelling occurs,
leading to differential expansion within the material that generates
internal stresses. Examining water absorption at saturation of the differ-
ent polymer matrix, PEI exhibits the highest hygroscopicity with 2.9%
of water uptake, followed by PEEK at 1.65%, and PPS at just 0.6%.
This behaviour is consistent with their molecular structures, as PEI
and PEEK contain ketone and ether groups that interact strongly with
water molecules. Therefore, during weathering exposure, the damage
caused to CF/PEI and CF/PEEK by UV radiation is exacerbated by
condensation as it favours water diffusion into the structure, hence
increasing internal stresses and promoting brittle fractures [33]. More-
over, thermal residual stresses from processing can exacerbate the
cracking behaviour of the different composites. CF/PPS has the lowest
processing temperature at 315 °C, followed by CF/PEI and CF/PEEK
at 380 °C. All samples were rapidly cooled during compression in
the press. The significant temperature processing differences between
CF/PElL, CF/PEEK, and CF/PPS can induce thermal residual stresses,
which may affect the polymer’s crystallinity and mechanical properties,
such as brittleness [30,34], further playing a role in crack formation
and propagation.

The polymer matrix of all thermoplastic composites is affected
by UV radiation and condensation, leading to surface erosion and a
weakening of the bond between fibres and matrix. As the mechanical
properties of a composite depend on the integrity of the reinforcement-
matrix bond, the debonding initiated by UV radiation may cause pre-
mature failure of certain fibres under applied stress. Consequently, it
is crucial to quantify the depth of polymer matrix degradation. Here,
confocal microscopy is used to determine the depth of removal of the
polymer matrix by generating 2D roughness maps (Fig. 3), surface
profiles (Fig. 4), average maximum penetration depths (Fig. 5), and
surface roughness (Ra) (Fig. A.1). The 2D roughness maps in Fig.
3 represent the surface topography of each thermoplastic composite
at different UV radiation/condensation exposure times, showing the
changes in surface height across the samples. The results indicate that
the matrices of CF/PEI (Fig. 3(f—j) and Fig. 4b) and CF/PEEK (Fig. 3(k-
o) and Fig. 4c) were removed more rapidly than that of CF/PPS (Fig.
3(a—e) and Fig. 4a). After just 3 days of UV exposure, matrix removal
reaches 2.3 pm, increasing to 7.8 pm for CF/PEEK and 6.8 pm for
CF/PEI after 28 days (Fig. 5). Carbon fibres become significantly visible
after 10 days (Fig. 3 h and m). As exposure time progresses, the polymer
matrix erosion is observed to be uneven, with the formation of valleys
and deep cavities. In contrast, CF/PPS undergoes a two-step process
with negligible removal of PPS matrix (1.4 pm) up to 10 days of UV
exposure, followed by a steeper increase to 4.7 um after 28 days (Figs.
4a and 5).

3.2. Chemical degradation

To fully understand the effect of long-term exposure to environmen-
tal weathering on composite materials, it is necessary to recognise that
damage extends beyond structural deterioration. These materials also
experience significant chemical changes, affecting their performance
and durability. EDX analysis of CF/PPS composites highlights how
the elemental composition evolves under varying UV radiation and
condensation exposures (see Figs. 6(a)(I-1II) and 6(b)). Two distinctive
regions are observed, with a polymer-rich region in green due to the
presence of sulphur and carbon fibre-rich region in red. The polymer-
rich region in the reference CF/PPS comprises 85.5% + 0.5 carbon
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Fig. 4. Roughness profile of (a) CF/PPS, (b) CF/PEL and (c) CF/PEEK surfaces at initial state and after different UV radiation/condensation exposures (days), using confocal

microscopy.
Table 2
Elemental composition analysis (carbon, sulphur, nitrogen and oxygen) of CF/PPS, CF/PEI and CF/PEEK laminates before and after weathering
exposure.
Exposure Elemental atomic %
days CF/PPS CF/PEI CF/PEEK
Polymer rich region
C% 0% S% C% 0% N% C% 0%
0 85.5 + 0.5 0.0 14.5 + 0.5 81.9 + 1.0 12.8 + 0.7 53 + 0.4 88.0 + 0.6 12.0 + 0.6
3 79.7 + 0.7 7.1+ 0.6 13.1 + 1.0 79.6 + 1.1 149 + 1.1 5.6 + 0.7 85.5 + 0.9 14.5 + 0.9
10 79.1 + 1.6 7.4+ 1.4 135 + 0.7 79.5 + 5.8 14.2 + 5.0 6.3 + 1.1 84.8 + 1.8 152 + 1.8
21 78.0 + 1.2 8.9 + 0.7 13.1 + 0.5 78.8 + 1.9 17.0 + 1.1 41+28 83.3 + 1.3 16.7 + 1.3
28 79.2 + 0.8 83+ 1.3 125 + 1.7 80.5 + 7.3 12.3 + 8.3 7.2 + 1.0 84.1 + 2.0 15.9 + 2.0
Carbon fibre rich region
0 98.0 + 0.5 0.0 2.0 + 0.5 85.6 + 2.0 10.6 + 1.5 3.9 + 3.3 92.4 + 0.8 7.6 + 0.8
3 94.7 + 3.0 3.5+ 1.9 1.8 + 1.1 87.2 + 2.4 5.4 + 2.3 7.5+ 0.2 92.1 + 1.1 7.9 + 1.1
10 94.9 + 3.9 43+ 3.0 0.8 +0.8 89.2 + 1.0 28 + 0.5 8.1+ 0.6 95.5 + 2.5 45+ 25
21 97.7 + 0.9 21+0.8 0.2 +0.1 90.2 + 2.2 38+ 33 6.0 + 2.2 97.9 + 1.9 21+1.9
28 98.4 + 0.6 1.6 + 0.6 0.1 +0.1 90.0 + 1.9 27 + 1.1 7.4 + 1.1 97.8 + 1.3 22+ 13
= nd 14.5% =+ 0. Iphur, with n ble presen f oxygen
§10 CFPPS SFPEI CFPEEK and 14.5% = 0.5 sulp ur, t o .detecta e presence of oxyge
= (Table 2). In the carbon fibre-rich region (red), 98% =+ 0.5 of carbon
‘;.)_ 8 and 2% =+ 0.5 sulphur is detected, indicating the presence of a thin
b layer of polymer covering the carbon fibre. To quantify the oxidative
S degradation of the composites, the oxygen-to-carbon ratio (O/C) was
% 64 calculated (Fig. 6(b)). The O/C ratio increases rapidly, reaching 8.9%
§_ in the polymer-rich zone after just three days of exposure and peaking
E 4 * at 11.4% after 21 days. This indicates that once the polymer undergoes
g a certain degree of degradation, it detaches from the matrix and carbon
X ‘ % & fibre surface. In the carbon fibre-rich region, the amount of oxygen
g 24 \ reached 4% after 10 days of exposure (Table 2), but after 28 days,
g § the sulphur had disappeared, and oxygen levels dropped to 1.5%,
o 0 indicating extensive polymer degradation and its entire removal from
= 0 é 1|0 1|5 2|0 2I5 30 the fibre surface.

Exposure time (days)

Fig. 5. Average maximum penetration depth on CF/PPS, CF/PEI, and CF/PEEK surfaces
at initial state and after different UV radiation/condensation exposures (days), using
confocal microscopy.

For CF/PEI, EDX analysis (Fig. 6(a)(IV-VI) and Table 2) showed
an initial composition of 81.9% + 1.0 carbon, 12.8% + 0.7 oxygen,
and 5.3% =+ 0.7 nitrogen in the polymer-rich region (blue), and 85.6%
+ 2.0 carbon, 10.6% + 1.5 oxygen, and 3.9% =+ 3.3 nitrogen in the
carbon fibre-rich region (red). Similarly to CF/PPS, the undamaged
CF/PEI has a uniform thin layer of polymer on the surface. However,
the oxygen content in the polymer-rich zone increased to 14.9% + 1.1

after three days of exposure (see Fig. 6(b) and Table 2). Gradually, the
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Fig. 6. (a) Chemical mapping of (I-III) CF/PPS, (IV-VI) CF/PEI and (VII-IX) CF/PEEK
surfaces in their initial state and after different UV radiation/condensation exposures,
using EDX analysis. Elements quantified for CF/PPS are carbon (red), sulphur (green)
and oxygen (blue), for CF/PEI, carbon (red), nitrogen (green) and oxygen (blue), while
for CF/PEEK, carbon (red) and oxygen (blue). (b) The effect of UV radiation/conden-
sation exposures on oxygen to carbon ratio in the polymer matrix-rich region.

oxygen content rise to 17% =+ 1.1 after 21 days, which is indicative of
oxidative degradation occurring (see Fig. 6(b)). A subsequent decrease
in oxygen content at 28 days is attributed to the lack of signal due to
the strong erosion of the PEI matrix. In the carbon fibre-rich region,
oxygen content decreased from 10.6% to 2.7%, indicating substantial
polymer removal from the fibre surface, which is in agreement with
the results obtained in Figs. 4b and 5. The elemental composition of
CF/PEEK is 88% + 0.6 carbon, and 12% + 0.6 oxygen for the polymer
rich-region (blue), and 92.4% + 0.8 carbon, and 7.6% + 0.8 oxygen
for the carbon fibre rich-region (red) (Fig. 6(a)(VII-IX) and Table 2).
Similarly to CF/PPS and CF/PEI a uniform polymeric layer is observed
at the surface before starting the weathering process. The polymer-rich
region exhibited a steady increase in oxygen content, with an initial
O/C ratio of 13.6%, and reached 20.1% after 21 days of exposure (see
Fig. 6(b)). Meanwhile, the carbon fibre became bare with a drop to
2.2% of oxygen content on its surface. Similarly to CF/PEIL the decrease
in oxygen content at 28 days on the polymer matrix is due to erosion
and a weak signal.

FTIR provides additional insights into the chemical degradation
of the pure polymer during the ageing process. The band allocation
of the different polymers is described in Table 3. All samples were
previously dried to mitigate the influence of water absorption com-
pared to polymer chain degradation on the measurement. The use of
pure polymer films was necessary to accurately identify degradation
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Table 3
Allocation of FTIR bands for PPS, PEI and PEEK.

Polymers Wavelength Peak allocation
(em™)

PPS [35] 1384-1574 C=C characteristics of phenyl ring vibrations
1180 C-H deformation in the bending plane
1074-1092 C-S bending
805 C-H out-of-plane bending deformation

PEI [36] 1714-1773 G=0 symmetrical and asymmetrical stretching
1408-1591 G=C phenyl ring vibrations
1356 C-N stretching
1240 C-0-C stretching
1070, 743 C-N ring deformation

PEEK [37] 1653 G=0 stretching
1593, 1500, C=C phenyl ring vibrations
1485 & 1410
1305 (C-C(=0)-C) bending
1217 & 1184 C-0-C stretching
600-1200 C-H deformation
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Fig. 7. ATR FTIR spectra of (a) PPS, (b) PEI and (c) PEEK surfaces in their initial state
and after different UV radiation/condensation exposures (days).
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mechanisms, such as chain scission and oxidation, without interference
from carbon fibres, which could otherwise attenuate signal intensity.
For PPS, the reference spectrum in Fig. 7a shows characteristics C-C
stretching vibrations of the phenyl ring at 1384, 1470 and 1574 cm™!.
Peaks corresponding to in-plane C-S stretching vibrations and C-H vi-
brations of the benzene backbone are detected at 1074, 1092 cm™! and
830 cm™!, respectively [35]. With increasing weathering, new intense
absorption peaks in the phenolic group region (3200-3400 cm~1) and
carbonyl region (1650-1800 cm™!) appear (Fig. 7A). The broadening of
the carbonyl peaks indicates the formation of several carbonyl species,
such as aldehydes, carboxylic acids and esters. In addition, the increase
in intensity of the peaks between 1150 and 1300 cm™!, representative
of ether and sulphonic group, increases compared to the phenyl peak at
1470 cm™!, suggesting progressive chemical alteration of the polymer
chain [38,39].

For PEI, the FTIR spectra also revealed significant changes after
environmental exposure (Fig. 7b and Table 3). The initial spectrum
of PEI displayed characteristic peaks associated with the imide group,
including the G=O stretching vibration at 1714-1773 cm~!, G=C bond of
the phenyl ring at 1356-1598 cm~!, C-N stretching at 1356 cm~!, and
C-0-C stretching at 1240 cm™!. In addition, the C-N deformation of the
imide ring is identified at 1070 and 743 cm~! [36]. After UV radiation
and condensation ageing, the PEI polymer matrix shows significant
changes in its molecular structure. The increase and broadening of
peaks in the hydroxyl region (3200-3400 cm~!), the carbonyl region
(1650 cm~1) and the ether region (1150-1300 cm~!) indicate oxidative
degradation, of the polymer backbone. In PEEK, the reference spectrum
in Fig. 7c exhibits the characteristic C-C stretching vibrations of the
phenyl rings at 3070, 1470 and 1574 cm~!, G=O stretch vibrations
of the aromatic ketones at 1645 cm™!, and the C-O vibration of the
ether. As for PEI, the increase in UV radiation and condensation, the
FTIR spectra showed a steady broadening and increase in absorption
associated with carbonyl groups (1712 ecm~!) and hydroxyl groups
(3200-3400 cm™!), indicative of oxidation and hydrolysis reactions,
respectively [19]. However, at 1217 and 1184 cm~!, the asymmetric
stretching of the diphenyl ether group decreases in intensity, which
could be linked to chain scission [40]. To summarise, FTIR analysis
corroborates the EDX findings by highlighting oxidative and hydrolytic
degradation processes in these polymer matrices.

3.3. Impact of ageing on thermal and mechanical properties

After assessing the influence of weathering conditions on the mor-
phology and chemical structure of the composites, it is crucial to
explore how this affects their thermal and mechanical properties. The
alterations to the polymer matrix induced by prolonged exposure to
UV radiation and moisture often influence the composite’s overall per-
formance, resulting in potential reductions in thermal stability, fatigue
resistance, mechanical strength, and long-term viability.

Table 4

T,, T,, temperature of crystallisation (T,) and degree of crystallinity (y.) of PPS, PEI
and PEEK before and after UV radiation/condensation exposure during first thermal
heating and cooling.

Polymers Exposure T, T, T, Xe
time days °C °C °C %

PPS 0 128.7 + 1.7 281.1 + 0.1 231.8 £ 2.2 546+ 1.3
3 1409 + 1.1 279.8 + 0.2 2395 + 1.0 53.3 + 0.7
10 141.4 + 0.4 2789 + 0.1 2424 + 0.3 52.2 + 0.23
21 142.1 + 0.5 279.8 + 2.1 2446 £ 05 513+ 14
28 138.2 + 1.3 277.5 + 0.2 240.7 + 0.8 50.4 + 1.2

PEI 0 216.7 + 0.3
3 215.6 + 0.4
10 2153 + 0.6
21 211.7 + 2.0
28 211.5 + 0.8

PEEK 0 156.3 + 0.1 341.7 + 0.2 2982 + 0.5 352+ 1.8
3 150.08 + 0.4 3425 + 0.4 2988 + 0.6 39.6 + 1.0
10 147.04 + 1.1  343.0 £ 0.7 303.2 + 0.4 414+ 1.2
21 144.5 + 0.6 3433 + 0.2 3043 + 0.4 40.6 + 0.8
28 153.3 + 1.2 343.7 + 0.6 303.1 £ 0.2 41.0+1.1

The degree of crystallinity in this study was determined using pure
polymer films. It is well-established that the presence of carbon fibres
influences the crystallinity of the polymer matrix. For instance, Lee
and Porter [41] demonstrated that in PEEK composites, CF acts as
a nucleating agent, increasing the crystallinity by approximately 3%.
Similarly, Oshima et al. [34] investigated the effect of temperature
on the crystallisation behaviour of PPS and CF/PPS composites. Their
study revealed that the addition of CF enhances the crystallinity of
the polymer, which is attributed to the heterogeneous nucleation of
crystals, specifically through epitaxial growth from the fibre surface.
Although the absence of CF alters the proportion of crystalline and
amorphous phases in the polymer matrix, the degradation mechanisms
occurring within each phase, such as chain scission and oxidation, re-
main fundamentally the same. Therefore, even if the phase ratio differs,
the observed trends in the evolution of each phase still provide valuable
insight into the underlying degradation behaviour of the material. This
allows for meaningful interpretation of ageing phenomena, even in
the absence of reinforcement. Figs. 8a and B.3 present the heating
thermograms showing the evolution of the melting (T,) and glass
transition (T,) temperatures of PPS samples before and after ageing,
while Fig. B.2(a) shows the corresponding cooling thermograms. The
ageing behaviour of PPS reveals a complex degradation mechanisms
that significantly affect its thermal and structural properties. T, in-
creased by 13.4 °C after just 3 days of exposure, reaching a maximum
of 142.1 + 0.5 °C at 21 days, before slightly declining to 138.2 + 1.3 °C
at 28 days. The initial rise in T, is attributed to increased chain packing
and reduced molecular mobility. The subsequent decrease suggests
chain scission, which reduces rigidity [42].

The progressive decrease in crystallinity, from 54.6% =+ 1.3 at

day O to 50.4% + 1.2 at day 28, reflects the gradual disruption of
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Fig. 9. Average stress—strain curve for (a) CF/PPS, (b) CF/PEI and (c) CF/PEEK at different UV radiation/condensation exposures (days).

crystalline domains, likely caused by oxidative degradation, causing
branching and/or cross-linking. These processes, accelerated by mois-
ture and oxygen through radical formation, hinder the polymer’s ability
to crystallise [43]. The concurrent drop in T, from 281.1 + 0.1 °C
to 277.5 + 0.2 °C, reinforces this loss of structural order. Together,
the reductions in T,, and crystallinity indicate a shift towards a more
amorphous state, driven by the interplay of chain scission and oxidative
cross-linking that impairs reorganisation into ordered domains.

Overall, the thermal response of aged PPS results from the com-
peting effects of physical ageing, chain scission, cross-linking, and the
formation of oxidative degradation products such as ketones, aldehy-
des, and esters [44]. These variations in crystallinity, in parallel with
the onset of cross-linking/branching, are likely to have a significant
influence on the mechanical behaviour of the material.

For PEI in Fig. 8b, the glass transition temperature (T of PEI de-
creases significantly with increasing exposure time, from 216.7 + 0.3 °C
to 211.5 + 0.8 °C (see Table 4). This suggests that chain scission is the
main degradation mechanism, as the formation of end-group regions
increases free volume and chain mobility, reducing T, [45].

Figs. 8c and B.2(b) show the first heating and cooling thermo-
grams for PEEK. Initially, T, decreases from 156.3 + 0.1 °C to a
minimum of 144.5 + 0.6 °C after 21 days of exposure, suggesting
increased chain mobility due to chain scission. This process reduces
the molecular weight, enhancing segmental mobility and facilitating
reorganisation into more ordered structures. Consequently, y, rises
rapidly from 35.2% + 1.8 to 39.6% =+ 1.0 within the first 3 days,
stabilising at 41.4% + 1.2 by day 10 (see Table 4). The increase in crys-
tallinity is further corroborated by the rise in T, from 298.2 + 0.2 °C
to 303.2 + 0.4 °C (see Fig. B.2(b) and Table 4), indicating that shorter
chains crystallise at higher temperatures due to enhanced mobility and
nucleation efficiency.

However, T, increases to 153.3 + 1.2 °C by day 28, implying
that chain mobility is restricted. Simultaneously, T,, exhibits a gradual
increase, reaching 343.7 + 0.6 °C at 28 days, reflecting on the for-
mation of a stable crystalline domains. Previously, Mylléri et al. [19]
reported that UV irradiation only had no discernible effect on y. or
T,, of the tested PEEK fibres. However, degradation was localised in
the amorphous regions of the polymer, as evidenced by the drop then
increase in T, with exposure time, suggesting an initial loss of mobility
followed by structural reorganisation. Here, UV radiation is combined
with condensation, changing the degradation mechanism affecting both
the amorphous and crystalline phases. Moisture promotes chain scission
and termination up to 21 days of exposure, improving chain mobility
and crystallisation [21,22].

In summary, while both PPS and PEEK undergo chain scission
and oxidation during UV and moisture ageing, PEEK becomes more
crystalline and thermally stable due to reorganisation of shorter chains,
whereas PPS loses crystallinity and thermal stability, transitioning to-
wards a more amorphous structure.

The mechanical properties of composite materials are strongly in-
fluenced by the compatibility between the polymer matrix and the

reinforcing fibre. Previous analyses of CF/PPS, CF/PEI and CF/PEEK
composites have shown that UV radiation and condensation ageing
lead to chemical degradation, fibre delamination and microstructural
changes. However, these degradations remained superficial, with, for
example, a maximum of 7.8 pm of polymer matrix removal after 28
days of exposure (Fig. 5). Therefore, it is crucial to understand if
these factors affect the mechanical properties of the composite material
as a whole when used under standard engineering applications. The
cross-ply specimens selected for this study have the same configura-
tion as those used in the design process and are employed here to
validate that the material remains suitable for mechanical applications
despite ageing. It is worth mentioning that other methods such as
transverse tension, shear, fracture toughness, or configuration (45°),
would provide more direct insights into matrix degradation.

The stress—strain curves for both unaged and aged CF/PPS samples
with a [0,90]5, configuration are shown in Fig. 9a, where the composite
exhibits consistently brittle fracture behaviour. A closer examination
of the elastic modulus E in Fig. 10(a) reveals a small decrease from
71.4 + 3.1 to 64.6 + 0.7 GPa. The tensile strength as shown in Fig. 10(b)
rises from 790 + 34 MPa to 864 + 41 MPa, which at first may seem
counterintuitive given the concurrent increase in brittleness. However,
this behaviour could be partly explained with molecular-level changes
caused by UV exposure.

The tensile fracture morphology of CF/PPS, observed in Fig. 11(a),
shows that the unaged sample undergoes brittle fracture, specifically of
the LGM-type as described in ASTM D3039/D3039M-17. This fracture
is characterised by lateral cracks at the gauge section and in the middle
of the sample. With increasing exposure, the fracture morphology
evolved, showing a high density of cracks on the surface and delam-
ination around the fracture site. This indicates that the degradation
process leads to localised embrittlement, most likely due to increased
cross-linking and partial chain scission. The cross-linking stiffens the
matrix and enhances strength, while the chain scission reduces the
overall toughness, explaining the observed combination of increased
strength and brittleness. Furthermore, the changes in crystallinity also
play a role in the mechanical behaviour. As indicated by the DSC
results in Fig. 8a, the increase in glass transition temperature (from
128.7 °C to 140.9 °C) after 3 days of UV exposure suggests the onset
of cross-linking reactions or the removal of residual low-molecular-
weight species. This structural reorganisation may enhance the stiffness
of the matrix, temporarily contributing to improved tensile strength.
However, with prolonged exposure (28 days), degradation mechanisms
such as delamination and fibre-matrix debonding become dominant,
leading to a decrease in mechanical performance.

Fig. 9b shows the longitudinal tensile stress and strain curves for
CF/PEI ([0,90]4,) at different ageing times. In all states, the behaviour
of the composite exhibits brittle fracture characteristics. The unaged
CF/PEI measurements demonstrate repeatability and minimal variation
in tensile strength at failure. As shown in Fig. 11(b), the unaged
CF/PEI sample undergoes a brittle fracture and has a tensile strength
of 574 + 63 MPa (see Fig. 10(b)) and an elastic modulus (E) of
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52.75 + 0.9 GPa (see Fig. 10(a)), which is in line with the data provided
by the manufacturer. With increasing exposure, small differences in the
mechanical properties can be noticed. A light increase of the modulus,
reaching a maximum of 55 + 3.1 GPa after 3 days, while the tensile
strength peaks at 749 + 16.1 MPa after 10 days. It is important to note
that although the tensile strength at break and elastic modulus after
10 days show higher values than the unaged specimen, the results are
more scattered. This variability suggests unpredictability that must be
taken into account for safety reasons. In Fig. 11(b), the type of fracture
changes with exposure time. As it increases, the fractures become less
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fragile and show signs of delamination. This can be attributed to a
reduction in the degree of bonding between the fibres and the resin.
Although the fibres themselves are less affected by ageing, the overall
load-bearing capacity of the composite relies on the strength of the
bond between the reinforcement phase and the matrix phase. The
disbonding of fibres from the surface layer of the matrix leads to prema-
ture failure of some fibres under tension, compromising the mechanical
integrity of the composite [46]. This causes variation between samples
and increases unpredictability, which could lead to premature failure
of the composite. In the case of CF/PEI, the variation in repeatability
peaked after 21 days and then began to stabilise.

The tensile strength for the unaged CF/PEEK specimen ([0,90]4)
is 705 + 179 MPa, increases progressively to 746 + 125 MPa at 21
days (see Figs. 9c and 10(b)), and drops drastically to 667 + 72
MPa at 28 days. The calculated E of unaged CF/PEEK is 64 + 9.8
GPa, remaining constant until 21 days of exposure, finally significantly
decreasing to 59 + 8.6 GPa at 28 days. This behaviour is consistent
with a degradation mechanism dominated by chain scission, which
was previously observed. As chains break, molecular interaction within
the polymer matrix as well as with the surface of the carbon fibres
are reduced, hence weakening its ability to withstand tensile loads.
Unlike CF/PPS and CF/PEI, the fracture behaviour of CF/PEEK shown
in Fig. 11(c) remains stable with no significant increases in cracks and
delamination during ageing.

Overall, this test indicates that the carbon fibres remain unaf-
fected by UV radiation with condensation. While minor variations
are observed between the aged polymer composites, they should be
interpreted with caution. After 28 days, the tensile strength of CF/PPS
increased by 9.6% compared to the reference, while E decreased
by 3.3%. CF/PEI exhibited a similar improvement in tensile strength
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(9.6%) with a reduction in E (1.2%). In contrast, PEEK experienced a
decline in both tensile strength and E with a drop of 5.3% in 7.7%,
respectively.

Beyond these changes in properties, maintaining low variance be-
tween samples over time is crucial for accurately predicting material
behaviour and failure. The repeatability variance of tensile strength was
quantified for each composite. CF/PPS exhibited a reference variance of
4%, which increased to a maximum of 7% after 10 days, indicating that
despite the property changes over time, the degradation mechanism
affects mechanical properties consistently. PEI demonstrated a similar
trend, with an initial variance of 11% that peaked at 11.4% after 21
days. In contrast, PEEK showed the highest variability, with a 25%
variance between samples.

4. Conclusion

The effects of UV radiation and condensation were evaluated on
three distinct carbon fibre-reinforced thermoplastic composites. The
study assessed changes in morphology (Figs. 1, 3, 4, 5), fracture be-
haviour (Fig. 11), and mechanical properties of the composites, as
well as the chemical structure (Figs. 6, 7) and thermal properties
(Fig. 8) of their corresponding pure polymer matrices. Two principal
degradation mechanisms were identified. First, the CF/PPS composite
exhibited minimal surface damage following weathering, with only
a small amount of polymer matrix removal. Its hydrophobic nature
limited water diffusion into the composite, mitigating internal stresses
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from swelling. The primary degradation mechanism for PPS was cross-
linking, as confirmed by both thermal and mechanical property tests.
Over prolonged exposure (20-28 days), the degradation rate appeared
to stabilise, indicating greater long-term durability. In contrast, CF/PEI
and CF/PEEK were more susceptible to UV radiation and condensation,
largely due to their hygroscopicity, which induced internal stresses
and brittle fractures, resulting in increased exposure of bare carbon
fibres and reduced fibre-resin interaction. Their principal degradation
mechanism was chain scission. The tensile strength of CF/PPS improved
with minimal variance over time, while CF/PEI and CF/PEEK showed
higher variability. After 20 days of exposure, both CF/PEI and CF/PEEK
underwent substantial chemical degradation, with surface erosion of
the polymer matrix reaching approximately 6.8 pm and 7.8 pm, re-
spectively. In contrast, CF/PPS displayed a more stable and gradual
degradation mechanism, making it more predictable. This consistent
behaviour, combined with its relatively low cost, makes CF/PPS the
most reliable and suitable option for applications where long-term
environmental durability and performance are critical.

CRediT authorship contribution statement

Annelise Jean-Fulcrand: Writing — original draft, Visualization,
Methodology, Investigation, Formal analysis, Data curation. Ewen
Léger: Formal analysis, Data curation. Frédéric Dau: Supervision,
Funding acquisition. Martine Dubé: Writing — review & editing, Su-
pervision, Resources, Project administration, Funding acquisition, Con-
ceptualization. Ilyass Tabiai: Writing — review & editing, Supervision,
Resources, Project administration, Funding acquisition, Conceptualiza-
tion.

Declaration of Generative AI and Al-Assisted Technologies

During the preparation of this work, the authors used ChatGPT
in order to improve readability and language. After using this tool,
the authors reviewed and edited the content as needed and take full
responsibility for the content of the publication.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Ilyass Tabiai reports financial support was provided by Flying Whales.
The other authors have declared that they have no known competing
financial interests or personal relationships that could have appeared
to influence the work reported in this paper.



A. Jean-Fulcrand et al.

Acknowledgements

The authors are thankful to Serge Plamondon for providing assis-
tance during the mechanical tests and Nabil Mazeghrane for his help
during the samples preparation. This study was commissioned and
supported by FLYING WHALES & LES DIRIGEABLES FLYING WHALES
QUEBEC Inc., France and Canada, and was conducted in close col-
laboration with the company. The authors are also thankful to MEIE,
Canada for financial support.

Appendix A. Surface properties: Surface roughness of CF/PPS, CF/PEI,
and CF/PEEK

The surface roughness (Ra) was measured by averaging the values
obtained from eight lines drawn on each of the two images captured
for each sample type and condition.

Appendix B. Thermal properties: Cooling thermograms of PPS and
PEEK

Cooling thermograms of PEEK and PEI reveal their crystallisation
behaviour and thermal transitions.
Fig. B.3 displays the T, for PPS.
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Data will be made available on request.
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