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Abstract: Carbon fiber-reinforced polymer (CFRP) composites are pivotal to equipment in Polar
Regions, yet their long-term durability in this low-temperature marine environment is severely
compromised by the synergistic degradation of coupled environmental factors. Traditional single-
factor aging studies cannot replicate this complex scenario, leaving a critical gap in service life
prediction. An accelerated aging protocol incorporating simultaneous hygrothermal, freeze-thaw,
sub-zero freezing, and UV exposure was established to systematically investigate the degradation
of T700 and T800 CFRP composite materials under simulated polar environments. Results reveal
that failure is fundamentally dominated by the interface variation since matrix-relevant flexural
and shear strengths decline drastically (up to 45%), whereas fiber-dominated I1zod impact strength
remains nearly intact. A synergistic degradation sequence is proposed: the process commences
with interfacial stress induced by hygrothermal swelling, followed by damage propagation during
freeze-thaw cycles, stress accumulation (locking) during sub-zero freezing, and is accelerated by
UV radiation, which generates defects that facilitate moisture ingress. This work provides a
scientific basis for material selection, durability prediction, and the design of robust marine

composite structures.
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Introduction

Carbon fiber reinforced polymer (CFRP) composites, particularly high-performance grades
such as T700 and T800, have become essential materials in modern engineering . They are
widely employed in critical applications including the offshore wind turbine blades *°, aircrafts,
and deep-sea substructures "!°. However, the low-temperature marine environment results in
severe and complex degradation mechanisms of these composites ''!°. This challenge is further
amplified in Polar and near-Polar regions, where structures are subjected to even more extreme
and sustained sub-zero temperature, prolonged seasonal ice exposure, and highly dynamic
freezing-thawing conditions. It has been found that cyclic moisture absorption and desorption

compromise the fiber-matrix interfacial bonding '*!7

, while freezing—thawing cycles induce
internal microcracking due to the pressure exerted by ice crystallization '*-?2. Prolonged exposure
to subzero temperatures often embrittles the resin matrix, and ultraviolet (UV) radiation from
sunlight promotes polymer chain scission >>2°. These factors do not act in isolation in the real
service environment. Instead, their synergistic interactions accelerate material aging to an extent
that significantly exceeds the cumulative impact of individual effects. Consequently, the structural
integrity and service life of CFRP components are substantially jeopardized 25?7,

Traditional single-factor aging tests, such as static hygrothermal exposure 23-3°, UV exposure,

and isolated freezing-thawing cyclic exposure 3!-*2

, fail to accurately replicate the synergistic stress
conditions encountered in actual low-temperature marine environments. Consequently, predictions
of CFRP performance degradation based on such methods are often inadequate. Prior research has
investigated the degradation behavior of CFRP under individual marine-related environments 3*-
33, For example, the tribological response of T300-based composites at extreme temperatures has
been reported, and the results suggested that the fiber had a stronger ability to increase friction

than resin . The interfacial degradation of epoxy-matrix composites in hygrothermal conditions

is also investigated *7-*%. Results indicated that incorporating an appropriate amount of carbon



nanofibers into the epoxy resin could potentially enhance the long-term durability of such
composites in hygrothermal environments *°. Furthermore, studies have shown that the fiber—
matrix interface degraded more significantly in unsaturated polyester-flax (UP-Flax) composites
under similar hygrothermal exposure *°. However, systematic studies on the coupled effects in real
Polar service environment are still scarce. This gap is especially evident for high-strength T700
and T800 CFRPs simultaneously subjected to moisture exposure, freezing-thawing cycles, low-
temperature embrittlement, and UV radiation. Furthermore, the establishment of standardized
multi-factor accelerated aging protocols, which are essential for simulating low-temperature
marine conditions, is still lacking. The absence of such tailored methodologies consequently
hinders a reliable evaluation of the long-term durability of these materials.

To addressing this research gap, a multi-factor coupled accelerated aging test, specifically for
T700 and T800 CFRPs, is developed in the present work. Based on an equivalent environmental
acceleration spectrum derived from authentic low-temperature marine service conditions, the
proposed methodology integrates sequential hygroscopic exposure, cyclic freezing-thawing,
sustained low-temperature freezing, and UV irradiation. Such integration enables replication of
long-term natural aging within a compressed timeframe. After the aging test, the mechanical
property characterization including tensile *'#?, flexural ****, and interfacial shear strengths >4
are conducted. Through this integrated approach, the synergistic aging mechanisms induced by

combined low-temperature marine environments could be unraveled.
Results

Tensile test analysis

Fig. 4 shows the macro fracture morphologies of T700-CFRP and T800-CFRP following
multi-factor coupled accelerated aging tests for different cycles. The tensile failure modes of the
two composites exhibit distinct characteristics. In T700-CFRP specimens, fracture is accompanied
by noticeable matrix cracking and localized fiber fragmentation, resulting in a dispersed fiber-

splitting morphology. This failure pattern features an irregular fracture surface with extensive



matrix damage. In contrast, the T800-CFRP composite shows a comparatively smooth fracture
surface, devoid of fiber scattering or splitting, marked by fiber pull-out, which indicates a
predominantly brittle failure mechanism. With prolonging aging cycles, the tensile failure
intensifies and the structural integrity of the specimens deteriorates progressively. Failure initiates
from external fiber and matrix fractures, then propagates inward, leading to increasingly severe
internal delamination.

The tensile stress-strain responses of T700-CFRP and T800-CFRP composites after different
aging cycles are presented in Fig. 5(a ~ d), with the corresponding tensile strength data
summarizing in Table 1. As depicted in the stress-strain curves, all specimens exhibit an initial
linear elastic region followed by a short nonlinear hardening stage before abrupt fracture. With
increasing aging cycles, the strain at failure gradually decreases, and the nonlinear deformation
segment shortens, indicating that multi-factor coupled aging induces progressive embrittlement of
the composites. Correspondingly, the tensile modulus values were also analyzed but did not show
obvious or consistent variation with increasing aging cycles. This lack of clear trend is attributed
to the competing effects of matrix embrittlement, which tends to increase stiffness, interfacial
debonding, microcracking, and reduce modulus. Under the combined hygrothermal, freezing-
thawing, and UV aging conditions, these two mechanisms offset each other, resulting in no
significant regular evolution in tensile modulus. The tensile strength retention rates of the two
composite materials as a function of aging cycles are shown in Fig. 5(e ~ f). A clear degradation
trend is observed for both materials, yet a stark contrast in durability is evident: T700-CFRP
undergoes substantial strength reductions of 13.8% and 14.7%, markedly exceeding the 11.6% and
6.8% decreases in T800-CFRP. The superior property of T800-CFRP is attributed to its
intrinsically tighter weave structure and the higher structural stability of T800 fibers, which
provide better resistance to environmental degradation and more effective load transfer between
fiber and matrix under coupled hygrothermal and radiative aging.

DIC analysis of the Y-direction strain evolution during tensile test (Fig. 6) reveals the failure

initiation and propagation processes. A significant strain concentration first nucleates at intrinsic



weak points within the gauge section, indicating localized stress intensification. Following initial
fiber breakage, the Y-direction strain distribution becomes highly heterogeneous. With continued
loading, strain localizes progressively at these damage sites, further intensifying the stress
concentration until critical crack propagation initiates at one of these locations, leading to final
fracture. This consistent damage initiation and propagation behavior across all aging conditions
confirms that the measured tensile strength degradation trends accurately reflect the material's

intrinsic response to multi-factor coupled aging.
Compression test analysis

Fig. 7 presents the fracture morphologies of T700-CFRP and T800-CFRP compression
specimens after multi-factor coupled accelerated aging. All specimens exhibit a dominant splitting
fracture mode, with occasional oblique fracture, and failure consistently initiates within the
working zone near the reinforcement patches. With increasing aging cycles, macroscopic
observations reveal that crack initiation occurs at the outer layer and propagates inward, resulting
in increasingly severe macroscopic damage. The consistent splitting fracture behavior under
compression confirms the typical failure mechanism of carbon fiber-reinforced composites under
longitudinal compression, and the aggravated damage with aging cycles indirectly demonstrates
that the multi-factor coupled environment has degraded the interfacial bond strength between the
resin matrix and fibers.

Analysis of the compression performance (Fig. 8, Table 2) reveals a continuous degradation
in strength for both T700-CFRP and T800-CFRP with prolonged aging. The stress-strain curves in
Fig. 8 exhibit significant nonlinearity prior to final failure, which is attributed to progressive
internal material damage induced by multi-factor coupled aging rather than fixture compliance,
specimen instability, or measurement artefacts. Specifically, with the extension of aging cycles,
matrix cracking, interfacial debonding, and slight delamination are initiated and propagated within
the composites. Under compressive loading, these internal defects lead to localized stress
redistribution and gradual damage accumulation, which manifests as nonlinearity in the stress-

strain response.



The evolution of their compressive strength retention rate, however, underscores a key
difference in durability (Fig. 8e~f). T700-CFRP undergoes a two-stage degradation process,
characterized by an initial slow degradation stage followed by a subsequent rapid degradation stage.
In contrast, T800-CFRP exhibits a slight decrease in the compressive strength in comparison with
T700-CFRP after the aging test, which is consistent with its superior durability observed in tensile
tests, presumably due to its intrinsically tighter weave structure that mitigates internal damage

accumulation.
Bending test analysis

Fig. 9 shows the fracture morphologies of T700-CFRP and T800-CFRP flexural specimens
after multi-factor coupled accelerated aging. Both materials exhibit obvious indentations at the
compressive loading points, accompanied by significant through-thickness deformation and
dominant interlaminar tearing. The observed interlaminar tearing represents the typical failure
mode for carbon fiber—reinforced composites under three-point bending, confirming that the tests
effectively characterize the intended flexural properties. The multi-factor coupled aging
environment significantly weakens the fiber/matrix interfacial bond strength, and the macroscopic
flexural failure becomes much severe with the increasing aging cycles.

The flexural response of T700-CFRP and T800-CFRP composites to progressive aging,
detailed in Fig. 10(a~d) (load-deflection curves) and Table 3 (strength data), reveals a continuous
decline in strength for both materials. All specimens exhibit an initial linear elastic region followed
by a short nonlinear segment before abrupt failure. With increasing aging cycles, the deflection at
failure gradually decreases, and the nonlinear deformation segment shortens, indicating that multi-
factor coupled aging induces progressive embrittlement and reduces the toughness of the
composites. However, their degradation profiles, as tracked by the retention rate in Fig. 10(e~f),
follow divergent patterns. T700-CFRP exhibits a two-phase degradation: an initial rapid decline
followed by a slight decrease after 6 cycles. In contrast, T800-CFRP demonstrates a more uniform
rate of strength reduction. Quantitatively, under the aggressive multi-factor aging of Scheme A,

T700-CFRP suffers the most severe decay, with its strength plummeting from 854.3 MPa to 498.3



MPa (58.3% retention), while T800-CFRP shows superior resistance, decreasing from 805 MPa to

712.3 MPa with a reduction of 11.5%.
Izod impact test analysis

The Izod impact fracture morphologies of T700-CFRP and T800-CFRP composites presented
in Fig. 11 demonstrate distinctly different failure mechanisms. T700-CFRP exhibits a typical
failure mode characterized by extensive fiber breakage, interlaminar cracking, and delamination,
accompanied by the formation of obvious hinge structures, indicating a relatively tough failure
process. In contrast, TS00-CFRP presents a dominant brittle fracture mode with limited fiber pull-
out, reflecting its higher structural integrity and stronger interfacial bonding. It is noteworthy that
the macroscopic damage under Scheme A is more significant than that under Scheme B. This
difference is mainly attributed to the hygrothermal component in the multi-factor coupled
environment, which preferentially degrades the moisture-sensitive resin matrix and weakens the
fiber—matrix interfacial bonding. Given that carbon fibers are inherently immune to moisture, the
degraded Izod impact resistance observed in this study, especially the more severe failure under
Scheme A, can be directly ascribed to the deterioration of the matrix and interfacial regions.

The Izod impact test data for T700-CFRP and T800-CFRP composites across various aging
cycles are summarized in Table 4. The results indicate that the multi-factor coupling aging induces
negligible changes in the 1zod impact strength of T700-CFRP and only marginal variations in
T800-CFRP. This robustness can be attributed to the dominant role of carbon fibers, which are
inherently resistant to environmental degradation and maintain their structural integrity even after
12 aging cycles. Consequently, the observed minor fluctuations in Izod impact strength likely stem
from the aging of the resin matrix and inherent specimen variability, confining the overall

performance to a limited range.
Interlaminar shear test analysis

The macroscopic shear fracture morphologies of T700-CFRP and T800-CFRP composites are

presented in Fig. 12. Obvious plastic deformation can be observed in the aged specimens, which



is closely related to the significant degradation of fiber/matrix interfacial strength caused by the
multi-factor coupled environmental aging. With increasing aging cycles, the deformation is further
aggravated accompanied by the formation of microcracks, demonstrating the significant
deterioration induced by environmental exposure. A direct comparison indicates that T700-CFRP
shows more severe shear deformation, while T800-CFRP exhibits no obvious interlaminar
cracking. This morphological difference further verifies that T800-CFRP presents better
environmental aging resistance compared with T700-CFRP.

Shear test data (Table 5) and the evolution of interlaminar shear strength (ILSS) retention rate
(Fig. 13) reveal a marked contrast in the environmental durability between the two composite
materials under multi-factor aging. The ILSS of T700-CERP degrades rapidly, exhibiting a
pronounced drop before the 6th cycle, which then slows down. In contrast, T800-CFRP maintains
relatively stable strength retention. Quantitatively, under Scheme A, the ILSS of T700-CFRP
decreases from 43.0 MPa to 23.7 MPa, a 45% reduction, with an overall degradation range of 40-
45%. The T800-CFRP composite, however, demonstrated superior stability, with a total strength

decline of only 21-25%, underscoring its significantly higher resistance to environmental aging.
Water absorption analysis

Fig. 14 shows the water absorption rates of T700-CFRP and T800-CFRP composites after six
aging cycles under two distinct protocols. Both composites initially exhibit rapid water uptake,
with higher rates under the high-temperature conditions of Protocol A. However, the multi-factor
aging test was characterized by notable mass fluctuations. This is attributed to the physical
degradation—specifically, resin matrix fracture and surface delamination induced by the coupled
environmental stresses, leading to mass loss that confounds the accurate measurement of water
absorption. Consequently, traditional gravimetric analysis under such multi-factor conditions fails

to reliably characterize the intrinsic moisture absorption behavior of the composites.
Changes in chemical structure and morphology of the CFRPs after aging test

Fig. 15 shows the Raman spectroscopy of the T800-CFRP surface after multi-factor coupled



environmental aging, which reveals the structural evolution of the composite. The spectra are
characterized by two primary bands: the D band (1330-1350 cm™), associated with disordered
carbon structures and defects, and the G band (1580-1600 cm™), corresponding to the in-plane
vibration of sp*-hybridized carbon in the ordered graphite lattice. Analysis shows that the Ip/Ig
ratio increases to 0.99 in all the aged specimens. This increase indicates that both aging protocols
introduce surface defects and structural disorder into the carbon fibers, directly evidencing the
degradation at the molecular level.

Fig. 16 shows the microscopic morphologies of the CFRP surface after aging test. The results
reveals that both multi-factor aging protocols severely degrade the composite surfaces, manifesting
as resin matrix cracking and fragmentation, fiber debonding, and surface notch formation. The
tensile fracture morphologies shown in Fig. 17 further confirm the degradation induced by
environmental aging. Compared with the unaged sample, the aged specimen exhibits distinct
matrix cracking, fiber-matrix debonding, and localized brittle fracture characteristics, indicating
increased embrittlement of the composite after exposure to the multi-factor coupled environment.
This phenomenon is consistent with the reduced tensile strength after aging, as presented in Fig.
5(e, f), demonstrating the significant deterioration of the composite under harsh environmental
conditions.

Based on the integrated spectroscopic and morphological analysis, a synergistic damage
sequence is proposed: hygrothermal stresses from moisture uptake initially induce interfacial stress
concentrations between the fiber and resin. Subsequent freezing—thawing cycles exacerbate this
damage through volumetric expansion, while prolonged low-temperature exposure further
embrittles the carbon fibers. Ultimately, UV radiation accelerates surface embrittlement and
promotes powdering. This cascading degradation pathway culminates in localized fiber fracture
and composite failure under mechanical loading, where stress concentrations at the compromised
interfaces lead to premature brittle fracture, as evidenced in the fracture morphology. Collectively,
these findings demonstrate that environmental aging in the simulated Polar environment initiates

at molecular and interfacial scales and progressively propagates to govern macroscopic mechanical



degradation—particularly in bending and shear modes-in high-performance CFRPs.

Reasons for the property difference between T700 and T800 CFRPs in the simulated Polar

environment

Based on the experimental findings, it can be found that multi-factor coupled aging
selectively degrades composite performance by preferentially attacking the fiber—matrix interface.
Fig.18 compares the strength retention rate of the two CFRPs after different mechanical tests. The
results reveal that T700-CFRP composites undergo more pronounced degradation than T800-
CFRP counterparts. After aging, T700-CFRP exhibits particularly severe reductions in flexural and
interlaminar shear strength, with retention rates ranging from 54.9% to 61.7% and from 55.1% to
60.6%, respectively. In contrast, T800-CFRP demonstrates superior retention, with flexural
strength maintained at 84.3%—88.5% and interlaminar shear strength at 74.7%-79.3%.

Both tensile and compressive properties also decline under aging Scheme A, though to
different degrees. Under multi-factor aging Scheme A, the tensile strength of T700-CFRP
decreases by 15.8%, while T800-CFRP exhibits a maximum reduction of 11.6%. Compressive
strength is more significantly affected, with T700-CFRP declining by 28.9% and T800-CFRP by
9.4%. Notably, 1zod impact performance remains largely unchanged across the aging protocols.

These observations indicate that the dominant damage mechanism under multi-factor coupled
aging is the weakening of fiber—matrix and fiber—fiber interfacial bonding, with minimal direct
fiber damage. Consequently, the properties strongly dependent on interfacial integrity undergo
significant deterioration, such as flexural and interlaminar shear strength, while tensile and
compressive properties, which rely more on fiber load-bearing capacity, exhibit more moderate
declines.

The superior aging resistance of T800-CFRP composites can be attributed to their distinct
microstructure, characterized by a higher matrix modulus, lower free volume, and greater crosslink
density. This structure forms an effective barrier against water diffusion and storage. Furthermore,
fewer micro-defects and stronger interfacial bonding restrict potential pathways for moisture

ingress. The resulting lower equilibrium moisture uptake in T800-CFRP composites thus



underpins their attenuated performance degradation and overall reduced sensitivity to

environmental aging.

Effect of the environment characteristics on the failure mechanism of the CFRPs in the simulated

Polar environment with multi-factor coupling effect

The synergistic degradation of carbon fiber composites in the simulated Polar low-
temperature marine environments arises from the coupled action of four primary factors:
hygrothermal, freezing-thawing, sub-zero freezing, and ultraviolet irradiation, which are the
typical environmental factors suffered in Polar Regions.

Fig. 19 shows the schematic diagram of the degradation mechanism of the CFRP material in
this environment. Under hygrothermal conditions, the resin matrix absorbs moisture and
sweizodlls accordingly. The resulting differential expansion between the resin and the carbon
fibers, due to their distinct coefficients of hygroscopic and thermal expansion, generates significant
internal stress at the interface. This stress is further concentrated at inherent micro-defects, such as
microcracks and voids, facilitating water ingress. When these interfacial stresses exceed the bond
strength, debonding and interlaminar cracking initiate.

Subsequent freezing-thawing cycles exacerbate this damage (Fig. 19b). The phase change of
imbibed water to ice within the resin and defects induces expansive stresses, while low temperature
embrittles the matrix. The cyclic process of ice formation (stress) and melting (relaxation) subjects
the material to a fatigue regime, progressively propagating microcracks and degrading the fiber-
matrix interface.

In the following sub-zero frozen environment, the stored water transforms into higher-
strength ice. This imposes a sustained internal load on the already embrittled composite, akin to a
static fatigue state. This leads to further interface debonding, matrix cracking, and a marked
increase in defect volume and density.

Finally, the UV irradiation attacks the moisture-conditioned resin, causing chain scission and
polymer backbone degradation. This surface deterioration produces microcracks and increases

surface roughness, which enhances water absorption capacity in subsequent hygrothermal



exposures and accelerates the degradation cycle.

In summary, the multi-factor coupling accelerates the composite failure through a sequential
mechanism: hygrothermal swelling initiates interfacial stresses, freezing-thawing cycling
propagates damage via phase-change fatigue, sub-zero freezing locks in high stresses with strong
ice, and UV radiation creates surface defects that facilitate further moisture ingress. This
synergistic sequence results in progressively severe performance degradation with extended aging.
In the real service environment, these factors may act in sequence or simultaneously, resulting in

the degradation of the CFRP materials in Polar environment.
Discussion

This manuscript investigates the aging behavior of T700 and T800 CFRPs materials in the
simulated Polar environment using the mechanical test and surface observation. The main
conclusions are listed as follows:

(1) Multi-factor aging predominantly compromises the bonding performance of the fiber—
matrix interface, leading to marked reductions in bending and shear properties, whereas only
marginal declines are observed in tensile and compressive strength.

(2) Owing to their superior microstructural characteristics, T800-CFRP composites exhibit
greater resistance to moisture ingress. This, in turn, attenuates the deleterious effects of synergistic
moisture—thermal-mechanical coupling on the fiber—matrix interface during accelerated aging.

(3) CFRP degradation in polar environments proceeds via a definable synergistic sequence:
hygrothermal stress initiates interfacial damage, freeze-thaw cycles propagate cracks, persistent
freezing locks in ice-induced stress, and UV radiation produces defects which in turn facilitate

moisture ingress, collectively leading to accelerated failure.
Methods
Materials

In this study, The composites used in this study consisted of T700-CFRP and T800-CFRP

fabricated by T700 and T800 carbon fibers as well as the vinyl ester resin. The composites were



directly purchased from Luoyang Institute of Shipping Materials in China. Firstly, the selected
T700-CFRP and T800-CFRP specimens were carefully inspected by naked-eye visual observation
to ensure no macroscale surface defects were present. Then, the raw materials were cut into the
required dimensions using a water jet cutting machine to ensure dimensional accuracy and
minimize surface damage. The specimen dimensions and tolerances were strictly controlled in
accordance with the relevant national standards. After cutting, the specimen edges were polished
with sandpaper to remove burrs and sharp edges before aging conditioning and subsequent testing.

Fig. 1 shows the schematic diagrams of the sample dimensions used for tensile test (Fig. 1a),
compression test (Fig. 1b), bending test (Fig. 1¢), Izod impact test (Fig. 1d), and shear test (Fig.
le), according to the standards of GB/T 1447-2005 */, GB/T 1448-2005 **, GB/T 33621-2017 *°,
GB/T 1843-2008 *°, and GB/T 30969-2014 3!, respectively. The samples were prepared based on
these requirements and the detailed procedures are given in section 2.3.

For compression tests, glass fiber reinforced polymer tabs were bonded to both ends of the
specimens using epoxy resin. The contact surfaces were sanded and cleaned before bonding to

ensure adhesion quality. The tensile tests were performed without tabs.
Accelerated aging test

To simulate and accelerate the aging behavior of the CFRP materials in the low temperature
Polar environment, the multi-factor equivalent environmental accelerated tests were designed and
shown in Fig. 2, including the moisture adsorption test, freezing-thawing cyclic test, low
temperature freezing test, and UV radiation test. The selection of test conditions is based on the
natural environmental spectrum of Zhongshan Station in Antarctica, which is provided in the
supporting information (Table S1). Two aging schemes were proposed in Fig. 2 of which the
temperature of the moisture adsorption test was 80 and 45 °C, respectively. Subsequently, the
freezing-thawing cycles from -40 °C for 3 h to 20 °C for 3 h were performed. Then, a 24-hour low-
temperature freezing test was carried out for 24 h. Finally, a 24-hour ultraviolet (UV) irradiation
test was implemented. The aging tests were carried out for 1, 3, 6, 9, and 12 cycles with the above

aging schemes.



To further elucidate the key environmental factors that driving performance degradation
during multi-factor coupled aging, supplementary single-factor control experiments were
conducted to characterize the moisture absorption behavior and interfacial shear strength retention
of T800-CFRP composites under controlled temperature conditions (detailed in Supporting
Information). The results reveal that moisture uptake and interfacial shear strength degradation are
strongly temperature-dependent, with elevated temperature accelerating moisture diffusion and
subsequent interfacial damage, while low-temperature suppresses these effects. Notably, the
performance deterioration observed under these single-factor temperature-moisture conditions is
significantly milder than that under the full multi-factor coupled aging protocol, providing direct
evidence that the synergistic interaction of multiple environmental factors (moisture, temperature
fluctuation, freeze-thaw, and UV radiation) is the primary driver of the pronounced material failure
observed in this study.

To better align the experimental results with the targeted low-temperature/polar service
environment, supplementary mechanical tests were conducted on T800-CFRP composites at 50 °C,
-10°C, and -70 °C, covering tensile, compression, interlaminar shear, impact, and flexural
properties (detailed in Supporting Information). These supplementary data complement the room-
temperature residual performance results, providing a more comprehensive understanding of the
mechanical behavior of the composites under temperature ranges relevant to polar service

conditions, and further strengthening the practical relevance of this study.
Mechanical test

After the multi-factor accelerated aging tests with different cycles, a series of mechanical
property tests were performed on the aged specimens to evaluate the degradation behavior of the
composite materials. These tests focus on the residual mechanical properties and long-term
durability of composites after exposure to simulated polar environments. To ensure the accuracy
of residual mechanical property characterization, all mechanical tests were conducted immediately
after the completion of multi-factor coupled environmental aging treatments, without additional

room-temperature storage.



Tensile tests were carried out using a universal testing machine (as shown in Fig. 3a) in
accordance with the GB/T 1447-2005 #’, using dog-bone specimens to facilitate gripping and
prevent premature failure at the clamping ends. During the test, the crosshead speed (tensile rate)
was set to 2 mm/min, and the clamping hydraulic pressure was adjusted to 12 MPa to ensure that
the specimens were firmly clamped without slippage or damage. Compression tests were
performed following the GB/T 1148-2005 3. A special compression fixture (Fig. 3c) was used to
prevent the specimens from buckling during the test. The loading speed of the testing machine was
set to 1.3 mm/min.

Bending tests were performed using the same universal testing machine based on the GB/T
33621-2017 *°. During the test, the span was set to 70 mm, and the loading speed was adjusted to
2 mm/min. Special bending fixtures (Fig. 3d and Fig. 3e) were used to apply the load uniformly
on the specimens.

Izod impact tests were conducted using a pendulum impact testing machine (Fig. 3b) in
accordance with the GB/T 1843-2008 °°. Unnotched specimens were used to characterize the
overall fracture toughness of the aged composites. An impact head with an energy of 5.5 J was
selected for the test. Interlaminar shear tests were carried out using a universal testing machine in
compliance with the Chinese National Standard GB/T 30969-2014 >!'. The span of the testing
machine was set to 17 mm, and the loading speed was controlled at 1 mm/min to ensure that the
shear failure occurred at the interlaminar interface of the composite materials.

All the mechanical tests for the aged samples were conducted at room temperature 25 + 2 °C
and relative humidity 50 + 5%, to evaluate the residual mechanical properties following polar
environmental aging. This approach is widely adopted and intended to characterize the long-term
degradation and damage accumulation, as well as performance retention rate of composites under
harsh service environments. Five replicate specimens were tested for each aging condition, and the

average values are presented in the results.
Water adsorption test

The water absorption test was conducted as follows. Firstly, the specimens were dried in an



oven at 50 £+ 2°C for 24 h. After removal and cooling to room temperature in a desiccator, their
initial mass (mo) was recorded. The initial mass mo was determined after the specimens were dried
to a constant mass to ensure a stable dry state. The specimens were subsequently subjected to the
moisture absorption conditioning outlined in Scheme A and B. Following each absorption cycle,
the samples were removed and the surface moisture was carefully blotted with filter paper, and
their mass was measured again before being returned to the conditioning environment. This
procedure was repeated to monitor the evolution of the moisture absorption rate (equation 1) over

multiple cycles.

M=""0 2 100% )
my

where Mi is the moisture absorption rate of the specimen; mi is the test mass of the specimen during

testing.
Microscopic characterization

The macro-morphologies of the CFRPs after aging and mechanical test were observed by
digital camera (Canon, EOS 850D). The surface micro-morphologies of the CFRP specimens,
including the front and back sides, were characterized before and after aging using scanning
electron microscopy (SEM, Quanta 250). Prior to observation, all specimens were dried and
cleaned, and the same designated surface of each specimen was examined both before and after
aging to ensure comparability. The SEM observations were performed under vacuum conditions
using the SE2 mode with an accelerating voltage of 15 kV. Additionally, the tensile fracture
surfaces of the samples were examined with SEM to evaluate the effect of aging on the failure
mechanisms. Digital Image Correlation (DIC, Q400) was employed to characterize the strain
evolution in the Y-direction during tensile testing. Prior to DIC measurement, random speckle
patterns were carefully fabricated on the specimen surface using matte black and white spray paints
to ensure measurement accuracy. The system was equipped with a 5 Megapixel camera operating
at a frame rate of 25 Hz. The field of view (FOV) was approximately 12.8 mm X 9.6 mm,

corresponding to a strain resolution better than 100 pe under the present conditions.



The carbon chemical composition of CFRP specimens before and after multi-factor coupled
environmental aging was characterized via a confocal Raman spectrometer (Renishaw in Via™)
equipped with a 532 nm laser. Spectra were acquired over the range of 800-2000 cm™' for the
identification of carbon-related characteristic bands and confirmation of potential chemical

changes.
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Figure Captions

Fig. 1. Schematic diagram of the CFRP sample dimensions used for tensile test (a), compression

test (b), bending test (¢), izod impact test (d), and shear test (e).

Fig. 2. Two testing schemes for the multifactor equivalent environmental acceleration tests that

simulated Polar marine environments.



Fig. 3. Macro images of the testing apparatus: (a) Universal testing machine, (b) 1zod impact
testing machine, (c) Compression test fixture, (d) Bending test fixture, (¢) Schematic diagram of
bending test fixture: 1 - specimen support; 2 - upper loading indenter; 3 - specimen; L-specimen
length; 1 - span; h - specimen thickness; R - radius of the upper loading indenter(6 mm); r - radius
of the support(10 mm); P - applied load.

Fig. 4. Representative morphologies of the composite materials after tensile testing: (a) T700-
CFRP before aging; (b) T700-CFRP after 12 aging cycles; (¢) T800-CFRP before aging; (d) T800-
CFRP after 12 aging cycles.

Fig. 5. Tensile stress-strain curves of composite materials after different aging cycles: (a)
T700-CFRP after aging under scheme A; (b) T700-CFRP after aging under scheme B; (¢) T800-
CFRP after aging under scheme A; (d) T800-CFRP after aging under scheme B; The tensile
strength retention rate of composite materials varies with aging cycles: (¢) T700-CFRP; (f)
T800-CFRP.

Fig. 6. DIC analysis of 12-cycle aged T800-CFRP specimens showing Y-direction (vertical)
strain evolution during tensile test at different loading stages: 0-32 s (initial elastic stage), 32-
64 s (crack initiation stage), and 64-80 s (final fracture stage).

Fig. 7. Representative morphologies of the composite materials after compression testing: (a)
T700-CFRP before aging; (b) T700-CFRP after 12 aging cycles; (c) T800-CFRP before aging; (d)
T800-CFRP after 12 aging cycles.

Fig. 8. Compressive stress-strain curve of composite materials after different aging cycles: (a)
T700-CFRP after aging under scheme A; (b) T700-CFRP after aging under scheme B; (¢) T800-
CFRP after aging under scheme A; (d) T800-CFRP after aging under scheme B; The compressive
strength retention rate of composite materials varies with aging cycles: (e) T700-CFRP; (f)
T800-CFRP.

Fig. 9. Representative morphologies of the composite materials after bending testing: (a)
T700-CFRP before aging; (b) T700-CFRP after 12 aging cycles; (c) T800-CFRP before aging; (d)
T800-CFRP after 12 aging cycles.



Fig. 10. Bending load-deflection curve of composite materials after different aging cycles: (a)
T700-CFRP after aging under scheme A; (b) T700-CFRP after aging under scheme B; (¢) T800-
CFRP after aging under scheme A; (d) T800-CFRP after aging under scheme B; The bending
strength retention rate of composite materials varies with aging cycles: (¢) T700-CFRP; (f)
T800-CFRP.

Fig. 11. Representative morphologies of the composite materials after Izod impact test: (a)
T700-CFRP before aging; (b) T700-CFRP after 12 aging cycles; (c) T800-CFRP before aging; (d)
T800-CFRP after 12 aging cycles.

Fig. 12. Shear failure morphology of CFRP composite specimens at 0~12 cycles of different
multifactor aging.

Fig. 13. The interlayer shear strength retention rate of composite materials varies with aging
cycles: (a) T700-CFRP; (b) T800-CFRP.

Fig. 14. Changes in moisture adsorption rate of two CFRPs during 12 cycles of different
multifactor aging: (a) T700-CFRP subjected to Scheme A; (b) T700-CFRP subjected to Scheme
B; (c) T800-CFRP subjected to Scheme A; (d) T800-CFRP subjected to Scheme B.

Fig. 15. Raman spectra of T800-CFRP specimens after multifactorial coupled environmental aging
treatment under schemes A and B.

Fig. 16. Representative surface morphologies of T800-CFRP specimens before and after
multifactorial coupled environmental aging treatment: (a) not aged front surface, (b) front
surface after Scheme A, (c) front surface after Scheme B, (d) not aged back surface, (e) back
surface after Scheme A, (f) back surface after Scheme B.

Fig. 17. Tensile fracture morphology of T800-CFRP composite specimens before and after
multifactorial coupled environmental aging treatment: (a) not aged, (b) after Scheme A,
(c)after Scheme B.

Fig. 18. Strength retention rate of two composite materials after aging following tensile,
compressive, bending, and shear tests.

Fig. 19. Multifactorial environmental failure mechanism diagram for CFRP composite



materials: (a) Hygrothermal environment, (b) Freezing-thawing environment, (c¢) Low

temperature environment, (d) Low temperature environment.

Table Captions

Table 1 The average tensile strength and its retention rate of T700 and T800 composite materials

after ageing with different testing schemes for different cycles

Table 2 The average compressive strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles

Table 3 The average bending strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles

Table 4 The average izod impact test data of T700 and T800 composite materials after ageing

with different testing schemes for different cycles

Table 5 The average interlayer shear strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles



Table 1 The average tensile strength and its retention rate of T700 and T800 composite materials

after ageing with different testing schemes for different cycles

Cycle Period Not aged 1 3 6 9 12
T700-CFRP Tensile strength /MPa 968.7 953.3 9137 8543 873.0 8357
after aging Standard deviation 15.9 442 585 170 165 120
under scheme A gtrength retention rate /% / 98.4 94.3 88.2 90.1 862
T700-CFRP Tensile strength /MPa 968.7 955.7 982.4 898.3 853.7 826.3
after aging Standard deviation 24.2 35.2 27.3 36.1 170 496
under scheme B Strength retention rate /% / 98.7 / 927 881 853
T800-CFRP Tensile strength /MPa 985.7 9343 956.7 922.3 9143 8717
after aging Standard deviation 15.9 41.3 35.8 403 36.6 391
under scheme A Strength retention rate /% / 94.8 97.1 936 928 884
T800-CFRP Tensile strength /MPa 985.7 951.0 938.0 921.0 9243 9193
after aging Standard deviation 24.2 16.5 375 87.0 432 10.1
under scheme B Strength retention rate /% / 9.5 952 934 938 932




Table 2 The average compressive strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles

Cycle Period Not aged 1 3 6 9 12

T700-CFRP Compressive strength /MPa 531.3 509.7 476.3 464.7 413.3 378.0
after aging Standard deviation 63.4 8.96 451 29.9 38.1 75.9
under scheme A Strength retention rate /% / 959 896 874 778 711
T700-CFRP Compressive strength /MPa 531.3 518.3 503.7 490.0 463.3 388.0
after aging Standard deviation 63.4 415 224 2717 794 440
under scheme B Strength retention rate /% / 97.5 948 922 872 730
T800-CFRP Compressive strength /MPa 713.3 669.0 661.3 641.0 6543 646.7
after aging Standard deviation 7.51 29.1 47.9 23.6 452 26.7
under scheme A Strength retention rate /% / 938 927 899 917 906
T800-CFRP Compressive strength /MPa 713.3 681.7 683.0 683.3 661.7 650.3
after aging Standard deviation 7.51 24.8 516 224 474 532

under scheme B Strength retention rate /% / 95.6 95.7 958 928 912




Table 3 The average bending strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles

Cycle Period Not aged 1 3 6 9 12
T700-CFRP Bending strength /MPa 854.3 778.3 7163 561.0 540.0 498.3
after aging Standard deviation 41.7 369 802 878 896 431
under scheme A gtrength retention rate /% / 91.1 83.8 65.7 632 583
T700-CFRP Bending strength /MPa 854.3 787.0 7217 6120 537.0 527.0
after aging Standard deviation 41.7 34.9 92.8 645 537 619
under scheme B Strength retention rate /% / 92.1 84.5 716 629 617
T800-CFRP Bending strength /MPa 805 797.0 783.0 763.0 7183 7027
after aging Standard deviation 32.2 9.64 8.19 46.0 284 420
under scheme A Strength retention rate /% / 99.0 97.3 948 89.2 873
T800-CFRP Bending strength /MPa 805 8013 788.0 7723 7223 7123
after aging Standard deviation 322 7.51 55.3 505 416 67.7
under scheme B Strength retention rate /% / 99.5 979 959 897 885




Table 4 The average izod impact test data of T700 and T800 composite materials after ageing

with different testing schemes for different cycles

Cycle Period Not aged 1 3 6 9 12
T700-CFRP after aging Energy absorbed (J) 2.8862 2.8876 2.8869 2.8863 2.8798 2.8796
under scheme A Impact strength (kJ/m?) 72.154 72159 72172 72157 71.996 71.991
T700-CFRP after aging Energy absorbed (J) 2.8862 2.8882 2.8860 2.8834 2.8862 2.8820
under scheme B Impact strength (kJ/m?) 72.154 72205 72151 72.086 72.155 72.049
T800-CFRP after aging Energy absorbed (J) 2.8582 2.8405 2.8612 2.8841 2.8190 2.8233
under scheme A Impact strength (kJ/m?) 71.455 71.031 71529 72.103 70.476 70.559
T800-CFRP after aging Energy absorbed (J) 2.8582 2.8585 ' 2.8573 2.8709 2.8406 2.8287

under scheme B Impact strength (kJ/m?) 71.455 71.464 71433 71772 71.014 70.717




Table 5 The average interlayer shear strength and its retention rate of T700 and T800 composite

materials after ageing with different testing schemes for different cycles

Cycle Period Not aged 1 3 6 9 12
T700-CFRP Interlayer Shear Strength /MPa 43.0 28.3  26.5 23.9 23.7 23.7
after aging Standard deviation 2.56 274 434 025 137  2.06
under scheme A Strength retention rate /% / 658 616 556 551 55.1
T700-CFRP Interlayer Shear Strength /MPa 43.0 281 264 265 261 26.1
after aging Standard deviation 2.56 0.83 3.87 2.95 3.69 262
under scheme B Strength retention rate /% / 653 613 616 60.7 604
T800-CFRP Interlayer Shear Strength /MPa 455 375 397 408 375 347
after aging Standard deviation 1.25 176 ~ 1.25 348 061 0.30
under scheme A Strength retention rate /% / 824 873 896 824 763
T800-CFRP Interlayer Shear Strength /MPa 45.5 372 36.6 37.1 37.4 36.2
after aging Standard deviation 1.25 140 231 276 057 0.60

under scheme B Strength retention rate /% / 817 804 815 823 795
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Aging Scheme A

Moisture Absorption Test
Test Conditions: 80 °C, RH=95%
Test Duration: 24 h

Aging Scheme B
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Moisture Absorption Test
Test Conditions: 45 °C, RH=95%
Test Duration: 24 h

Freeze-Thaw Cycling Test
Test Conditions: -40 °C 3h~20°C 3 h
Cycle twice, Test Duration: 12 h
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Freeze-Thaw Cycling Test
Test Conditions: -40 °C 3h~20°C 3 h
Cycle twice, Test Duration: 12 h

Low-Temperature Freezing Test
Test Conditions: -70 °C
Test Duration: 24 h
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Test Conditions: -70 °C
Test Duration: 24 h
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