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Abstract: Polyamide-based glass fiber reinforced composites are extensively used in electrical and
automotive applications due to their excellent mechanical, thermal, and electrical properties.
However, prolonged exposure to high temperatures can lead to significant degradation, affecting
their long-term performance and reliability. This study investigates the thermal ageing behavior of
polyamide 6,6 composites containing halogenated flame retardants used for electrical applications.
The objective of this research is to evaluate the extent of degradation through accelerated ageing tests
and to develop an Arrhenius-type ageing model to predict the long-term performance of these
materials. The study examines the effects of thermal ageing at temperatures between 160 and 210°C
on flexural properties, and explores the underlying degradation mechanisms. Results indicate that
short-term exposure to high temperatures can enhance flexural strength due to annealing effects,
which are eventually outweighed by thermal oxidation and increased crystallinity, leading to an
increase in brittleness. The derived Arrhenius model, with an activation energy of 93 kJ/mol, predicts
a service life of approximately 25 years at 80°C, but significantly shorter at 130°C. These findings
underscore the importance of considering thermal ageing effects in the design and application of
PA66 composites in high-temperature environments.

Keywords: accelerated thermal ageing; polyamide composites; glass fiber; activation energy; flexural
strength; Arrhenius model

1. Introduction

Polyamide-based glass fiber reinforced (PA-GF) composites are widely utilized in both electrical
and automotive applications thanks to their exceptional mechanical, thermal, and electrical
properties. In the electrical sector, these materials are ideal for components like accessory boxes,
levers, and terminal covers in low-voltage circuit breakers, where they are exploited for their stiffness,
impact resistance, and thermal stability [1]. In the automotive sector, PA66 and PA6 composites are
commonly employed in interior components, engine parts, and bodywork due to their high stiffness,
excellent impact and wear resistance, and strong chemical resilience [2,3]. However, the prolonged
exposure to high temperatures typical of these applications inevitably leads to degradation, which
can significantly affect the long-term performance and reliability of these materials.

In fact, polymeric materials commonly undergo changes over time, a process often referred to
as ageing. The degradation of polymers typically involves a partial breakdown of the material into
fragments that remain relatively large but are smaller than the initial polymer chains. [4-6]. This
fragmentation is a key aspect of the ageing process, which can be triggered by prolonged exposure
to various environmental factors such as heat, light, moisture, oxygen, and chemicals [7,8].

The primary degradation mechanisms in PA66 composites during thermal ageing include:

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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*  Hydrolysis: a chemical degradation mechanism favored by high temperatures, that occurs when
water molecules penetrate the polyamide matrix and break the polymer chains. This can lead to
a decrease in molecular weight, plasticization of the matrix, and a reduction in mechanical
properties, such as stiffness and strength [9-11]. The fiber/matrix interface is particularly
susceptible to hydrolysis, as water molecules tend to accumulate in this region [12-14].

=  Thermo-oxidation: another chemical degradation mechanism that involves the reaction of
oxygen with the polyamide matrix at elevated temperatures [15-18]. This process can lead to
chain scission, the formation of free radicals, and the creation of various degradation products,
such as carbonyl, chromophoric groups, or peroxides [19,20].

*  Fiber/Matrix Debonding: Ageing can lead to interfacial debonding (or mismatch), which
weakens the stress transfer between the matrix and the fibers, resulting in a decline in
mechanical properties [21]. Factors like poor interfacial adhesion [22], the presence of water
[23,24], the presence of voids [25], and the differing coefficients of thermal expansion between
the fibers and the matrix [26] can contribute to debonding.

=  Physical Ageing/Plasticization: Water absorption can cause plasticization of the polyamide
matrix, leading to a decrease in stiffness and an increase in ductility [27,28]. This occurs because
the water molecules disrupt the hydrogen bonding between the polymer chains, increasing their
mobility [29-31]. While plasticization can improve toughness in the short term [32], prolonged
exposure to moisture can lead to more severe degradation, like hydrolysis [33].

Accelerated ageing tests are valuable tools for investigating the long-term effects of thermal
ageing on GFRP (Glass Fiber Reinforced Plastics), such as PA66 composites. These tests simulate real-
world operating conditions in a shorter timeframe, enabling the assessment of material degradation
and the development of lifetime prediction models.

Research has primarily focused on thermal-oxidative ageing, hygrothermal ageing, and the
influence of other ageing-related factors, such as manufacturing processes and interfacial
engineering.

Shu et al. [34] studied the thermal-oxidative degradation mechanism demonstrating that early-
stage thermal-oxidative ageing in PA6 involves molecular crosslinking, temporarily enhancing
mechanical strength and viscosity. However, prolonged exposure leads to chain scission and
oxidative byproduct formation, reducing mechanical performance and melting temperature, while
increasing crystallinity.

Alexis et al. [35] extended their investigation to fatigue durability, demonstrating that thermal
ageing at 200°C for 500 hours had a significant impact on fatigue life and cyclic indicators such as
hysteresis energy density and cyclic mean strain rate. Moreover, ageing led to stiffening and
embrittlement in short glass fiber-reinforced PA6/PA66 composites, with lower fiber content
exacerbating the degradation.

Similarly, Yarar et al. and Sahin et al. [36,37] studied the effects of short-term thermal ageing on
PA6 composites. Ageing decreased tensile and flexural strength by up to 10%, while flexural modulus
was improved. Moreover, they studied the tribological properties of the material, showing the
detrimental effect of ageing that significantly increased wear volume and wear rate.

The role of interfacial engineering in mitigating such degradation was also highlighted by
Rudzinski et al. [38], who were able to improve the thermal-oxidative stability of PA66 composites
through advanced fiber sizing. Their work showed that the inclusion of silane, polyurethane, and
epoxy/acrylate film formers enhanced interfacial adhesion, mitigating yellowing and preventing
fiber separation during ageing.

In a circular economy perspective, Eriksson et al. [33,39] considered the reprocessing of aged
materials by studying the mechanical properties of recycled glass-fiber-reinforced PA66 under
thermal ageing conditions. The research showed that thermal ageing did not considerably change the
tensile strength and modulus, while the elongation at break decreased significantly, particularly with
increased recycling of the material.
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Hygrothermal ageing, which combines the effects of heat and moisture, has also been a focal
point of research. Ksouri et al. [40] investigated PA6 and GF-reinforced PA6 exposed to immersion
at 90°C, observing significant reductions in tensile properties and glass transition temperature. The
damage, caused by water sorption and plasticization, escalated with prolonged exposure, leading to
phenomena like crazing and yellowing.

Bergeret et al. [41] similarly reported drastic declines in mechanical performance during
hygrothermal ageing, attributed to chain scission and water penetration at the fiber/matrix interface.

Li et al. [42] explored the long-term effects of hydrothermal ageing on GF-reinforced PA6
composites, identifying chain scission and post-crystallization as primary degradation mechanisms
that weakened the fiber-matrix interface and reduced tensile strength.

The influence of hydrothermal ageing on wear and tribological behavior of GF-PA6 composites
was also investigated by Khakbaz et al. [43], whose findings revealed that while glass fibers improved
wear resistance, ageing weakened tensile strength and increased strain at break due to water
absorption.

Further, Wang et al. [44] compared the long-term hygrothermal ageing resistance of glass fiber
reinforced PA and PET composites. They found that GF/PA composites absorbed water at a faster
rate and reached higher saturation moisture content compared to GF/PET composites. The ageing
also led to a decrease in the tensile strength and heat distortion temperature of both types of
composites, but the effect was more pronounced in GF/PA composites, emphasizing the material-
specific vulnerabilities of polyamides.

Despite the extensive literature on thermo-oxidative aging of PA-GF composites, to the best of
our knowledge, there is a lack of studies focusing on materials engineered for high-temperature
applications, such as those incorporating flame retardants, which are critical for ensuring thermal
stability and fire resistance in demanding environments.

Therefore, this study focuses on a specific type of glass fiber-reinforced polyamide 6,6 composite
containing halogenated flame retardants, which is commonly used for electrical components working
at moderately high temperatures.

The research investigates the thermal ageing behavior of this materials performed accelerated
ageing tests at temperatures between 160 and 210°C, with detailed characterization of its mechanical,
thermal, and chemical properties to evaluate the extent of degradation. An Arrhenius-type ageing
model is developed to determine the activation energy of the degradation process and establish a
temperature-time relationship, offering a predictive framework for assessing the long-term
performance and reliability of the composite in high-temperature applications. Activation energy
estimations are ultimately compared with results obtained from modulated thermogravimetry and
correlated to the hypothesized degradation mechanism.

2. Materials and Methods

This study focused on a glass fiber-reinforced polyamide composite commonly used for low
voltage circuit breakers components working at moderate to high temperatures. The composite, from
now on referred to as “PA-GF”, is based on a polyamide 6,6 matrix, containing 25 wt% short glass
fiber reinforcement, and utilizing a brominated flame retardant. The material was supplied as both
granules and injection molded specimens produced in accordance with ISO 178:2019, measuring
80x10x4 millimeters. After molding, samples were conditioned under controlled humidity and
temperature to ensure uniform moisture absorption. For specific tests, samples were dried at 90°C
for 3 hours and then stored in a desiccator for 24 hours to evaluate the impact of moisture on their
mechanical properties.

Thermal ageing was conducted in an air oven to simulate long-term exposure to elevated
temperatures. Four different temperatures were selected: 160, 180, 200, and 210 °C. Specimens were
aged for periods up to 1080 hours, with exposure times at each temperature determined based on an
assumed Qo factor of 2, implying that the degradation rate doubles for every 10°C. The specific
ageing times for each temperature are reported in Table 1.
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Table 1. Ageing times applied for each temperature. The duration of each ageing was determined a priori

assuming a Qio factor of 2.

Ageing time [hours]

t1 2 t3 t4 t5
160°C 360 720 1080 - -
180°C 16 64 128 192 408
200°C 4 16 32 48 64
210°C 2 8 16 24 36

Flexural properties were measured using a three-point bending test setup as specified in ISO
178. Testing was performed on an Instron universal testing machine equipped with a three-point
flexural apparatus and a span length of 64 mm. A loading speed of 5 mm/min was applied after an
initial preload of 2 N was reached. Flexural strength, modulus, and strain at break were calculated as
an average from stress-strain curves obtained after testing at least five specimens per sample. Baseline
tests were conducted on unaged and moisture-conditioned samples to establish reference values for
comparison.

To model the effects of thermal ageing, an Arrhenius-based approach was used to describe the
relationship between ageing time, temperature, and degradation of flexural properties. The model is
governed by equation (1):

k=A-ew M
where:
=  krepresents the rate of reaction (or property degradation)
*  Ais the pre-exponential factor
=  Eais the activation energy
=  Ris the universal gas constant
*  Tis the absolute temperature.

The activation energy for degradation was calculated by plotting the natural logarithm of the
degradation time required to reach a specific property threshold against the inverse of the absolute
temperature. A threshold corresponding to the 80% of the initial flexural strength has been taken as
endpoint, in agreement with the requirements set by ABB for the specific application of the composite
in low-voltage circuit breakers.

Thermogravimetric analysis (TGA) was performed using a Waters - TA Instruments TGA 550 to
investigate the thermal degradation behavior of the samples and to determine the activation energy
through Modulated Thermogravimetry (MTG). The experiments were conducted between 30 and
600°C, with a modulated heating rate of 5°C/min, under air atmosphere.

Thermal properties were analyzed by Differential Scanning Calorimetry (DSC) using a Mettler
Toledo DSC821e device. Heating tests were conducted under air with a ramp rate of 20 °C/min. The
degree of crystallinity was calculated from the measured melting enthalpy values taking the
inorganic content into account.

Molecular changes were monitored by Fourier Transform Infrared Spectroscopy (FT-IR) with a
Perkin-Elmer Frontier spectrometer in the range of 4000 to 380 cm!. Characteristic absorption peak,
were examined to identify chemical changes caused by thermal ageing.

3. Results and Discussion
3.1. Preliminary Tests: Water Absorption

Preliminary tests were conducted to evaluate the sensitivity of the composite to water absorption
and its impact on mechanical properties. Specimens of PA-GF were exposed to a controlled
environment at 25°C and 60% relative humidity (RH) for periods of 0, 8, and 24 days. Flexural tests
were performed after each exposure period to assess changes in mechanical behavior.
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The results reported in Figure 1 show that water absorption led to a decrease in flexural modulus
and strength for both materials. After 8 days of exposure, PA-GF exhibited a reduction in flexural
modulus of approximately 8%, which increased to 12% after 24 days. Despite these declines in
stiffness, the material displayed an increase in strain at maximum flexural strength, indicating a
plasticizing effect caused by moisture uptake.

This enhancement is attributed to the inherent water sensitivity of the polyamide 6,6 matrix,
where polar amide groups can coordinate with water molecules, particularly in the amorphous
regions, characterized by a higher diffusivity [45-47]. This interaction plasticizes the polyamide 6,6
by disrupting hydrogen bonding, increasing flexibility but decreasing strength and stiffness, as
highlighted by the 7% decline in flexural strength after 24 days of exposure to moisture.
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Figure 1. Flexural stress-strain curves (a) and trends of flexural properties (b) for PA-GF samples obtained by
three-point bending test of specimen 0, 8 and 24 days after drying, upon exposure to humidity at 25 °C and 60%
RH.

3.2. Flexural Tests

Given the significant moisture sensitivity of the composites, as evidenced by preliminary testing,
all mechanical tests on aged samples were conducted on specimens that had been previously
conditioned in a desiccator for 24 hours. This step guaranteed that the observed effects of thermal
ageing were not affected by any residual moisture in the samples.

Flexural stress-strain curves obtained for the samples aged at 180°C and 200°C are reported in
in Figure 2. Similar trends are obtained for the other samples, which are reported in the
Supplementary Materials. From the summary of the main flexural properties reported in Table 2, it
is evident that ageing significantly impacts the flexural strength (om) and flexural strain at maximum
strength (eav) of the material, albeit with distinct kinetic patterns for each property.

Specifically, specimens consistently exhibit a decrease in em and om across all ageing
temperatures compared to dry, unaged specimens.

An exception to this trend, is the initial increase of flexural strength for short ageing times at
higher temperatures (e.g., 4 hours at 200 °C, in Figure 2b). This positive effect suggests annealing of
the polyamide 6,6 matrix, likely due to residual stress relaxation and potential changes in the
crystalline structure [45,48,49]. Stress annealing can be attributed to thermal stresses induced during
injection molding, where the material’s skin solidifies faster than the core, inducing tensile stresses.
High-temperature ageing can relax these stresses, increasing om. The change in crystalline structure
is further explored in differential scanning calorimetry analysis presented in section 3.5.

On the other hand, both ageing duration and temperature appear to have little influence the
slope of the curves, leading only to a slight increase in the flexural elastic modulus E¢ from
approximately 7200 MPa (unaged samples) to a maximum of 8000 MPa for samples aged for longer
times at higher temperatures.


https://doi.org/10.20944/preprints202412.2341.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 December 2024

doi:10.20944/preprints202412.2341.v1

80 -

Flexural stress (MPa)

IS
S

20 -

L

80 -

Flexural stress (MPa)

IS
S

20 -

0
0.000

0.005 0.01

0

(@)

0.015
Strain

L
0.020

0
0.025 0.000

0.005 0.010

0.015

L
0.020

Strain

(b)

6 of 14

Figure 2. Flexural stress-strain curves for PA-GF samples aged at 180°C (a) and 200°C (b) at different ageing

times, compared to the unaged specimen.

Table 2. Flexural strength (om) and flexural strain at maximum strength (em) of PA-GF samples at different
ageing times and temperatures. The results are reported as an average of at least five measurements, the standard

deviation is negligible.

Ageing time [h] T=160°C T=180°C T=200°C T=210°C
to 146.9 146.9 146.9 146.9
t1 125.0 147.2 153.3 157.0
t2 117.3 136.7 143.9 151.4
(o fi% t3 109.5 126.4 137.0 145.0
t4 - 121.3 132.1 135.4
t5 - 100.6 124.9 124.1
t0 0.026 0.026 0.026 0.026
t1 0.024 0.023 0.024 0.024
t2 0.022 0.021 0.022 0.023
&M t3 0.021 0.019 0.020 0.020
t4 - 0.017 0.018 0.019
t5 - 0.016 0.019 0.018

The deterioration in mechanical properties can be ascribed to a combination of factors within the
polyamide 6,6 matrix and at the fiber-matrix interface.

Firstly, the dehydration of water molecules coordinated with polar amide groups in both
crystalline and amorphous phases, particularly relevant in the early stages of ageing [46,47,49].
Secondly, the progressive degradation of polyamide 6,6 macromolecules due to thermal ageing,
especially at higher temperatures and durations, weakens the entanglement of polymer chains and
reduces mechanical properties. Additionally, interfacial phenomena, such as thermal expansion
mismatch, can contribute to the loss of flexural properties, particularly at high temperatures. This
mismatch, coupled with polymer degradation, weakens the load transfer between fibers and the
matrix, leading to the formation of micro-voids and cracks at the interface [40,48,50].

Moreover, it is worth observing that the empirical Qio=2 kinetic factor previously considered for
the thermal ageing duration, appears to be valid only for shorter durations at higher temperatures.

3.3. Arrhenius Model

Flexural strength data gathered from mechanical testing at different ageing time and
temperatures (Table 2) has been used to model a lifetime prediction method through the Arrhenius
equation (1), which can be linearized into equation (2):
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In(k) = In(4) — i—; (2)

The threshold endpoint selected for the determination of the Arrhenius plot has been set at 80%
of flexural strength retained from the material with respect to the initial condition (unaged samples).
This value has been chosen considering the acceptability range of mechanical properties indicated by
ABB for the use of these materials in low-voltage circuit breakers.

Using the following state function:

80%

o = Kierp© i (3)

where k; represents the rate of property loss at each ageing condition 7, and #; and T; denote the ageing
time and temperature at which a 20% reduction in flexural strength occurs, the Arrhenius equation
and the state function are combined to derive the equation (4):

In(t) = B — 22 4

n{t;) = RT, (4)
Which can be plotted extrapolating the four values of ¢, and T; obtained from the mechanical tests.
Specifically, the value of t; has been determined by linear interpolation of the experimental points, as

reported in Figure 3a. The obtained Arrhenius plot is depicted in Figure 3b.
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Figure 3. Flexural strength trends for PA-GF samples aged at different times and temperatures (a), and

Arrhenius plot obtained by setting the endpoint value at 80% of the unaged ov.

From the Arrhenius law, an activation energy of 93.5 kJ/mol was determined, which is
consistent, albeit slightly higher, with values reported in the literature. For instance, research by Jung
et al. [51] identified activation energy values in the range of 80-90 kJ/mol by applying an Arrhenius
model to the tensile strength retention of aged PA66 composites.

Considering that the material under analysis is currently being used in circuit breakers where it
can be exposed to temperature peaks of up to 130°C, an approximated, conservative estimation of its
failure time (i.e., time necessary to reach a 20% decline in flexural strength) can be calculated from
equation 4. The results are summarized in Table 3.

Table 3. Activation energy (Ea), logarithm of the pre-exponential factor (B), and failure times evaluated at 130°C

and 90°C according to the Arrhenius model.

Ea B Failure time at 130°C Failure time at 80°C
3706 h 193031 h
5k 1 -19.7
93.5 kj/mo ? (~155 days) (=22 years)

The results highlight how PA-GF is a suitable material for components exposed to a maximum
continuous temperature of 80°C, which can guarantee its performance for up to 22 years. However,
prolonged exposure to higher temperatures, can significantly affect the service life of the components.
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Moreover, it is worth noticing, that the activation energy determined by isoconversional
methods (such as Ozawa-Flynn-Wall or Kissinger-Akahira-Sunose), ranging from 150 to 190 kJ/mol
depending on the specific composite [52,53], is reportedly higher than that obtained from the
Arrhenius-based methods. To further verify this trend, the modulated thermogravimetric method
has been applied to both materials and reported in the next section.

3.4. Modulated Thermogravimetry

In this section, we present the extrapolation of kinetic parameters obtained through Modulated
Thermogravimetry (MTG) for the material under analysis. MTG is a technique that applies an
oscillatory temperature program to obtain continuous kinetic information during decomposition and
volatilization reactions [54]. By using a sinusoidal temperature modulation, MTG allows for the
determination of activation energy and other kinetic parameters throughout the entire decomposition
process.

The MTG results are depicted in Figure 4. The activation energy (Ea) at low weight loss (5-10%)
highlights the initial breakdown of the polymer network. In this phase, the activation energy ranges
from 90 to 175 kJ/mol, with an average value of approximately 151 kJ/mol. At these early stages, the
thermal degradation of polyamides is supposedly driven by the scission of weaker bonds within the
polymer structure, such as the the N-alkylamide bond (CH2-NHCO) and the following
decomposition of the formed amide group into NHs and COz [55-58]. As the temperature increases
and the degradation progresses, a gradual rise in Ea is observed, reaching its maximum around 300
kJ/mol, likely due to the further scission of the polyamide backbone and the presence of the flame
retardant [59].
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Figure 4. Modulated Thermogravimetry analysis, displaying the TGA curve in black, the DTG curve in green,

and the calculated activation energy in blue.

The activation energy values obtained with MTG are in good agreement with those reported in
the literature using isoconversional methods [51,52,59-61], however, there is a substantial difference
with the Ea values obtained from the Arrhenius model. This difference, already highlighted by
previous literature [52], could be attributed to the different degradation mechanisms involved at the
lower temperatures of accelerated ageing tests, and could lead to an overestimation of service life by
TGA-based methods.

3.5. Differential Scanning Calorimetry

DSC analysis of dried PA-HF samples revealed a primary melting peak starting at
approximately 246 °C and peaking at 258 °C, consistent with the material’s processing temperature
of 275°C reported in the technical sheet. The enthalpy of fusion (AHm) was calculated as 22.06 J/g.
Using Equation 5, that accounts for the standard crystalline enthalpy for PA66 (AH’ =196 J/g) and
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for the solid residue fraction (f =32.96% from TGA), the crystallinity (),) of the unaged material was
determined to be 16.79%.

AH,,

For aged specimens reported in Figure 5, a secondary melting peak emerged, increasing in
intensity and shifting with ageing time and temperature. For example, the secondary peak
temperature increased from 208 °C to 221 °C for samples aged at 180 °C for 16 to 192 hours,
respectively. Similar trends were observed at other ageing temperatures when the ageing time
increased, as shown in the DSC plots reported in SM. The primary melting peak, however, remained
stable, ranging between 256 °C and 259 °C.

This behavior aligns with literature findings on polyamide 6,6 [62-64] and polyamide 6,6
composites [65-67], where thermal ageing induces microstructural changes. Oxidation and thermal
exposure cause chain scission in the amorphous phase, allowing shorter chains to recrystallize into
new lamellae. Initially, these newly formed lamellae have lower melting points, but prolonged ageing
promotes lamellar growth, raising their melting temperature and enthalpy. Crystallinity calculations
confirmed this trend, increasing from 16.79% (unaged) to 23.01% after 16 hours at 180 °C and
stabilizing around 25.88% for intermediate ageing times. At 192 hours, crystallinity reached 29.13%,

indicating higher chain mobility and lamellar growth during prolonged exposure.
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Figure 5. Qualitative DSC curves for PA-GF samples aged at 180°C for different ageing times, compared to the
unaged specimen (a); changes in crystallinity for samples aged at 180°C (b).

3.6. Fourier-Transform Infrared Spectroscopy

The FTIR analysis (Figure 6) provides insight into the thermal degradation behavior of the
material by comparing the spectra of aged and unaged sample. A clear reduction and broadening of
the Amide I (C=0O stretching ~1650 cm™) and Amide II (N-H bending ~1550 cm™) peaks in the aged
spectrum suggest the breakdown of amide bonds, supporting the proposed scission of the N-
alkylamide bond (CH,-NHCO). Additionally, the slight increase in absorption around 1700-1740
cm! indicates the formation of carbonyl-containing species, such as ketones or carboxylic acids, as a
result of oxidative degradation. Further evidence lies in the broadening and reduced intensity in the
3000-3500 cm™! region.

In the unaged sample, such region exhibits two distinct peaks: the sharp band around 3300 cm™,
attributed to the free N-H stretching vibrations of the amide groups, and a second band near 3080-
3200 cm™, corresponding to hydrogen-bonded N-H stretching within the polyamide structure. These
peaks are characteristic of the polyamide backbone, reflecting the strong hydrogen-bonding network.

Upon ageing, significant changes occur in this spectral region, including the disappearance of
the two distinct peaks and the broadening of the entire band. This behavior suggests the disruption
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of hydrogen bonds within the polymer structure, consistent with the early stages of thermal
degradation, where weaker bonds, such as the N-alkylamide bonds (CH,-NHCO), undergo scission.

Finally, changes observed in the fingerprint region (particularly between 1200-1400 cm™)
suggest modifications in C-N and C-O bonds, consistent with the fragmentation and rearrangement
of the amide structure. These observations confirm that the thermal degradation at this stage involves
the cleavage of weaker bonds within the polymer and the subsequent formation of secondary
degradation products.

102
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Figure 6. FTIR spectra of unaged PA-GF (blue line) and PA-GF sample aged at 180°C for 400 hours (orange
line).

4. Conclusions

The results of this study demonstrate how the ageing process affects the structural and
mechanical properties of glass fiber reinforced polyamide 6,6 with brominated flame retardants.

Ageing significantly reduces the flexural strength and strain at maximum flexural strength of
the material, with longer durations and higher temperatures exacerbating this decline. Initial
improvements in flexural strength at short ageing times, attributed to stress relaxation and annealing,
are eventually outweighed by the effects of thermal oxidation, chain scission, and increased
crystallinity.

DSC analysis revealed an increase in crystallinity with ageing, driven by chain scission in the
amorphous phase and the formation of new crystalline phases. This growth in crystalline regions
contributes to the observed brittleness and reduced ductility in the aged material, directly impacting
its flexural properties.

FTIR analysis confirmed chemical degradation during ageing, with the appearance of carbonyl
peaks indicating oxidative processes and chain scission further contributing to the embrittlement and
decline in mechanical performance observed in aged specimens.

The Arrhenius-based lifetime prediction model determined an activation energy of 104.2 kJ/mol,
estimating service lifetimes of approximately 25 years at 90°C but significantly shorter at 130°C.
Modulated thermogravimetry revealed higher activation energy values (151 kJ/mol), reflecting
differences in degradation mechanisms during accelerated ageing and thermal decomposition.

Overall, while the composite exhibits favorable long-term stability under moderate
temperatures, its use high-temperature applications must be carefully evaluated, as the frequent
exposure to heat spikes may severely reduce its durability.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org. Figure S1: TGA plot of the unaged material; Figure S2: XRF of unaged material;
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Figure S3: Flexural stress-strain plots at different ageing conditions; Figure S4: Optical microscope images of
aged and unaged materials; Table S1: ICP analysis of PA-GF
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