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Abstract

Composite structures are frequently exposed to varying hygrothermal environ-

ments, which can lead to the deterioration of their mechanical properties. This

study explores the effects of hygrothermal aging on the mechanical behaviors of

twill-woven carbon fiber composite laminates, with a particular focus on lami-

nates with flame-retardant epoxy resin (CF_FR)—a relatively underexplored

area. The findings reveal several key insights: (1) CF_FR exhibit more pro-

nounced aging damage compared to those with general epoxy resin (CF_G), pri-

marily due to higher moisture absorption, which results in increased surface

swelling and internal delamination. (2) Hygrothermal aging enhances the impact

resistance of both types of laminates by increasing peak force, particularly at

higher temperatures, thereby reducing impact-induced damage. (3) CF_FR suf-

fers greater reductions in compressive and compression after impact (CAI)

strength following aging, with CAI strength decreasing by 36.3% for flame-

retardant laminates and 14.8% for CF_G after immersion at 70�C. (4) Significant
local buckling is observed in the swollen regions of CF_FR under compressive

loading, indicating an heightened vulnerability to structural instability after

aging. These findings offer valuable insights into the performance of composite

materials under prolonged moisture exposure, particularly in safety-critical appli-

cations where both flame retardancy and mechanical integrity are crucial.

Highlights

• More aging damage is captured from laminates with flame-retardant epoxy

resin

• Aging temperatures alleviate LVI induced damage and improve the peak

force

• Compressive and CAI strength are affected after prolonged aging conditions

• CAI strength of CF_FR decreases by 36.3% after exposure to the 70�C
water bath

• Significant local buckling is observed in CF_FR under compressive loading
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1 | INTRODUCTION

Carbon fiber reinforced polymers (CFRP) are increas-
ingly utilized as structural components in aerospace,
automotive, and marine applications due to their excep-
tional strength-to-weight ratios and superior corrosion
resistance compared to conventional metallic materials.1

However, during service, CFRP may be exposed to harsh
environmental conditions that can alter their mechanical
and physical properties.2 This is particularly relevant for
CFRP coated with flame-retardant epoxy resin, which
enhances fire resistance, making them ideal for high-
speed trains and other safety-critical applications where
both flame retardancy and mechanical integrity are cru-
cial. These materials often operate in hot and humid
environments, which can exacerbate their degradation.
Moreover, due to the inherently weak interlaminar prop-
erties of composites, even relatively low-impact loads
may cause barely visible impact damage, leading to a
reduction in the structural integrity of the laminate, such
as a loss in compressive strength.3–7 Therefore, under-
standing the aging mechanisms and impact resistance of
these materials after prolonged exposure to hygrothermal
conditions is essential for improving their long-term per-
formance and reliability in real-world applications.

The mechanical properties and performance of CFRP
are highly susceptible to the effects of the hygrothermal
environment in their service life, and this phenomenon
has been widely studied. The moisture absorption behav-
ior of composites primarily involves two main mecha-
nisms: (1) moisture absorption occurs through capillary
action within the microcracks and voids of composites,
and (2) water molecules bind with epoxy resins through
hydrogen bonding, increasing the segment mobility.8 The
absorbed moisture acts as a plasticizer, reducing the glass
transition temperature of the matrix,9,10 thus influencing
the overall performance of the laminates. While carbon
fibers used as reinforcements exhibit minimal moisture
absorption behavior and are less sensitive to moisture
and temperature compared to the polymer matrix,11 the
significant mismatch in hygrothermal expansion between
the matrix and fiber, due to differences in moisture
absorption and thermal resistance, induces localized
stress within the composites. This stress can lead to
crack initiation and propagation in the matrix,12 delami-
nation, and weakening of the fiber/matrix interface,13

ultimately compromising the mechanical properties of

the materials.14,15 Ray13 identified that during environ-
mental aging, adhesive damage at the fiber/matrix inter-
face and the loss of interfacial integrity are the dominant
damage mechanisms in polymer composites. Further-
more, they found that higher temperatures not only
increase the rate of moisture uptake but also significantly
reduce the shear strength of laminates. Liu et al.2 demon-
strated that hygrothermal environments cause local
epoxy degradation, leading to cracks formation in the
specimens during the aging process, which ultimately
results in a decrease in compression strength. Ameer
et al.16 investigated the interdependence of moisture
regain, hydrophobic treatment, and the mechanical prop-
erties of jute fiber-reinforced composites, concluding that
the mechanical properties of the developed composite
degrade linearly with immersion time. Although exten-
sive research has been conducted on the hygrothermal
aging mechanisms of composites, relatively few studies
have investigated the moisture absorption behavior of
flame-retardant epoxy resin.

It is crucial to examine the capability of laminate
composites in structural applications to withstand impact
resistance and damage tolerance, as even relatively low
impact loads can lead to a remarkable degradation of the
mechanical properties. Consequently, extensive research
has been carried out on the low-velocity impact (LVI)
tests17–22 and compression after impact (CAI) tests23–27 of
composite materials. However, comparatively less atten-
tion has been paid to the influences of hygrothermal
aging on CFRP's impact resistance. Khashaba et al.28 per-
formed the LVI tests on CFRP composite laminates and
analyzed their residual compressive strength, considering
the effects of different test temperatures. Raponi et al.29

investigated the LVI behavior of twill flax/epoxy compos-
ites across a large range of temperatures and assessed
the impact of these temperatures on their residual
flexural properties. Karahan et al.30 explored the LVI
characteristics and damage in sandwich composites with
four different core thicknesses in three-dimensional
(3D) structures. Additionally, the effects of the weaving
structure and hybridization on the LVI properties were
investigated by Karahan et al.31 Othman32 investigated
the influence of water immersion conditions on the LVI
behavior of CFRP composites, finding that moist compos-
ites exhibited a more significant reduction in damage
compared to dry ones. Zhong et al.33 demonstrated that
under moisture and cyclic hygrothermal conditions,
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moisture can greatly alleviate the impact-induced dam-
age in unidirectional CFRP laminates. Dogan et al.34

examined the impacts of different temperatures during
hygrothermal aging on the tensile properties, impact
behavior, and CAI behavior of composites. Despite these
studies, there is still limited research exploring the effects
of hygrothermal conditioning at different temperatures
on the mechanical performance (including LVI and CAI
behaviors) of CFRP composite laminates with flame-
retardant epoxy resin.

In this work, the aging mechanism, as well as the LVI
and CAI behaviors of the twill woven carbon fiber rein-
forced flame-retardant epoxy resin composite laminates,
were experimentally investigated. The surface and cross-
sectional microstructures of laminates aged at varying
temperatures were characterized using ultrasonic C-mode
scanning (C-scan) and scanning electron microscopy
(SEM) to reveal the material's microstructure evolution
during the aging process. The impact responses, damage
morphology and CAI strength of specimens were assessed
through LVI and CAI tests to illustrate the effects of aging
temperatures on these mechanical behaviors.

2 | MATERIALS AND METHODS

2.1 | Material and specimen fabrication

The specimens used in the experiments were fabricated
from twill-woven carbon prepregs (T300-3 K carbon), as
detailed in Table 1. The prepregs utilized both general
and flame-retardant epoxy resin as the matrix materials.
To fabricate the specimens, 24 layers of twill woven car-
bon fiber prepreg, incorporating with these two kinds of
epoxy resin, were stacked in the same direction and
placed into a mold. The curing process involved heating
from 25�C to 145�C at a pressure of 0.001 MPa, followed
by an increase in pressure to 0.005 MPa for 3 minutes,
and then to 0.6 MPa for 80 min, as detailed in Figure 1A.
After natural cooling to room temperature, the plates
were cut into specimens measuring 100 mm �
100 mm � 4.8 mm (Figure 1C). The laminates made with
general epoxy resin and flame-retardant epoxy resin are
abbreviated to CF_G and CF_FR, respectively. To ensure
the reliability of the data, each test was conducted at least
three times.

TABLE 1 The parameters of twill

woven carbon prepregs with different

epoxy resins.
Prepreg

Fiber-weight
content (%)

Areal
density (g/m2)

Thickness
(mm) Tg (�C)

With general epoxy resin 60 330 0.22 125–130

With flame-retardant epoxy
resin

60 330 0.22 130–135

FIGURE 1 Fabrication of

laminates: (A) cure conditions,

(B) schematic of hot-press,

(C) laminate samples.

ZHONG ET AL. 1739
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Different methods of preparing the laminate can give
rise to slight differences in the calculation of the fiber vol-
ume fraction.16,35 In this study, the fiber volume fraction
(Vf) was determined based on the prepreg weight and
plate thickness using the following equation:

V f ¼n�m
ρ�h

ωf ð1Þ

where n is the number of prepreg plies, m is the areal
density of the prepreg, ρ is the fiber density, h is the plate
thickness, and ωf is the fiber-weight content. V f was con-
sistently maintained at 0.62 across all the composite
samples.

2.2 | Moisture absorption tests

Moisture absorption tests were performed in accordance
with ASTM D5229/D5229M-20 to monitor the change in
weight of the specimens over time. Prior to the moisture
absorption experiments, all specimens were dried in an
oven at 50�C to remove residual moisture until no fur-
ther change in weight was observed. The dry weight of
each specimen was then measured as a reference. Subse-
quently, the specimens were immersed in the water bath
at 30�C, 50�C, and 70�C until they reached effective

moisture equilibrium. An analytical balance, with an
accuracy of ±0.1 mg, was employed to measure the
weight of the specimens at regular intervals during the
conditioning process, ensuring accurate tracking of
moisture absorption. The moisture absorbed by speci-
mens, expressed as a percentage of weight, can be calcu-
lated by the formula:

M %ð Þ¼W i�Wo

Wo
�100 ð2Þ

where Wi denotes the mass of the specimen at the cur-
rent time, and Wo is the mass of the oven-dry sample. In
addition, the damage induced by moisture absorption
under different hygrothermal aging conditions was evalu-
ated using ultrasonic C-scan and SEM techniques.

2.3 | LVI tests

The LVI tests, conducted in accordance with ASTM
D7136/D7136M, were carried out using a drop weight
testing machine (INSTRON 9340). This machine was
equipped with a hemispherical impactor weighing
5.337 kg and measuring 16 mm in diameter. As shown in
Figure 2A, the specimen was secured by a support fix-
ture, creating an unsupported circular area with a

FIGURE 2 Devices for

(A) LVI test, (B) ultrasound

C-scan test and (C) CAI test.

1740 ZHONG ET AL.
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diameter of 75 mm. Three specimens from each aging
condition were tested and subjected to an impact energy
of 30 J. Time histories of the impact force, velocity, accel-
eration, and displacement were recorded. The damage
resulting from LVI was assessed through an ultrasonic
C-scan, as depicted in Figure 2B. Additionally, the dam-
age morphologies were captured by using SEM.

2.4 | CAI tests

CAI tests were performed in accordance with ASTM
D7137/D7137M through a SUNS electronic universal test-
ing machine to assess the residual compression strength of
the specimens. The CAI test setup, illustrated in Figure 2C,
was used to record the corresponding compressive load–
displacement data. Additionally, full-field strain during
compressive loading was monitored using a VIC-2D system.

3 | RESULTS AND DISCUSSION

3.1 | Moisture absorption

To investigate the moisture absorption behavior of com-
posite laminates, specimens were immersed in water
baths at different temperatures, as shown in Figure 3A.

The moisture absorption curves in Figure 3B,C shows an
initial linear increase in moisture content relative to the
square root of time, indicating that moisture is easily
absorbed into the epoxy resin during the early stages.
Subsequently, the rate of moisture absorption gradually
decreases, likely due to the progressive occupation of
unsaturated voids and water molecule-binding sites
within the laminates. Eventually, the moisture content
stabilizes. The final content of moisture absorption of
both types of laminates at various aging temperatures is
illustrated in Table 2. It is evident that the moisture con-
tent of the two types of laminates is noticeably affected
by the temperature of hygrothermal conditioning. The

FIGURE 3 Moisture

absorption behavior:

(A) Specimens in water bath;

(B) CF_FR and (C) CF_G

specimens exposed to water with

different temperatures for

360 days.

TABLE 2 Final content of moisture absorption at different

hygrothermal conditions.

Laminates

Immersion
temperatures
(�C)

Aging
time
(days) M (%)

CF_FR 30 360 1.34

50 360 3.83

70 360 5.25

CF_G 30 360 0.75

50 360 1.26

70 360 2.61

ZHONG ET AL. 1741
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moisture content of CF_FR increases from 1.34% to
5.25%, and that of CF_G increases from 0.75% to 2.61% as
the temperature rises from 30�C to 70�C. Notably, only
the CF_FR specimens reached an effective moisture equi-
librium after immersion in water at 70�C for 360 days.
This clearly indicates that the moisture content of the
CF_FR samples is substantially higher than that of
the CF_G samples under the same hygrothermal condi-
tioning, suggesting that CF_FR may be more susceptible
to damage caused by hygrothermal aging due to their
greater capacity for moisture absorption.

3.2 | Surface morphology and
microstructures after hygrothermal aging

In order to characterize the damage caused by hygro-
thermal aging, an attempt is made in this study to
detect the surface morphology and microstructure of
the two types of laminates using ultrasonic C-scan and
SEM. Figure 4 illustrates the surface morphology and
C-scan results for both laminates at different tempera-
tures. It is evident that the degree of surface damage
increases for both laminates as hygrothermal aging
temperatures rise. Notably, the CF_FR specimens
exhibit significantly more severe surface damage,

consistent with the earlier observations regarding the
moisture absorption behavior of these laminates. More-
over, at 50�C and 70�C, slight bulging areas are
observed at the fiber intersections in the CF_G speci-
mens, while the CF_FR specimens exhibit several dis-
tinct swelling areas on the surface. This indicates that
the stress induced by hygrothermal aging at the fiber
intersections may be greater than that in the surround-
ing regions, making these intersections more prone to
the formation of swelling zone. Additionally, it is pre-
liminarily confirmed that CF_FR is more susceptible to
damage from hygrothermal aging than CF_G.

Moisture absorbed in hygrothermal aging environ-
ments can give rise to crack initiation and propagation,
significant weakening at the fiber-matrix interface, and
swelling of the laminate, all of which affect the internal
microstructure of the laminate. The cross-sectional
SEM images under various hygrothermal conditions are
illustrated in Figure 5. While the interfaces between
fiber and matrix are tightly bonded in the unaged speci-
mens, moisture absorption over time can damage these
interfaces, resulting in matrix cracking. This damage is
likely due to the mismatched moisture absorption and
thermal expansion capabilities between the different
material phases (fiber and matrix). As the temperature
of hygrothermal aging increases, laminates experience

FIGURE 4 (A) Surface

damage images and (B) C-Scan

results after hygrothermal

conditioning with different

temperatures.

1742 ZHONG ET AL.
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more severe damage. Interfacial debonding is observed
in both laminates after immersion at 30�C, suggesting
that their microstructures may have been compromised,
which could lead to a significant decline in mechanical
properties, even in the absence of obvious surface swell-
ing at this relatively low aging temperature. Further-
more, at higher temperatures, CF_FR exhibit more
pronounced delamination damage compared to CF_G,
which may be associated with much higher moisture
content. Prolonged exposure of the CF_FR specimens
to elevated temperatures during hygrothermal aging
can increase hygrothermal stress, which promotes the
generation and expansion of cracks, ultimately leading
to irreversible delamination damage.

3.3 | LVI behavior

During the LVI tests, impact force versus time and dis-
placements were recorded to evaluate the impact resis-
tance of the materials. Figure 6 presents the impact
responses at 30 J for the two composite laminates sub-
jected to different hygrothermal aging conditions. It can
be observed that the force-time curves for the samples
soaked in water at different temperatures are similar to
those of the unaged samples. Except for the specimens
immersed at 30�C, the force corresponding to the initial
point of damage induced by the impact is lower for both
laminates, and it decreases with increasing temperature.
This suggests that the initial impact damage occurs earlier

FIGURE 5 Cross sections of SEM images: (A) CF_FR subjected to various temperatures for water immersion; (B) CF_G subjected to

various temperatures for water immersion.

ZHONG ET AL. 1743
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FIGURE 6 Impact responses at 30 J subjected to different hygrothermal aging conditions: (A) force versus time for CF_FR; (B) force

versus time for CF_G; (C) force versus displacement for CF_FR; (D) force versus displacement for CF_G; (E) energy versus force for

CF_FR; (F) energy versus force for CF_G; (G) peek force of two composite laminates, and (H) maximum displacement of two composite

laminates.

1744 ZHONG ET AL.
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when the laminate is subjected to impact loading, likely
due to the higher degree of aging damage resulting
from prolonged exposure to elevated temperatures.
Interestingly, a remarkable increase in peak force is
observed for both types of laminates conditioned at three
temperatures compared to the unaged specimens, with the
peak force increasing as the aging temperature rises. This
increase may be related to the extent of swelling.

Additionally, it is observed that the peak force of CF_FR
appears later and remains oscillatory for a longer period
compared to CF_G. This indicates that CF_FR specimens,
with greater capacity for water absorption, can maintain
their strength for a longer duration during impact.

Rebound takes place in all specimens, as detailed in
the force-displacement curves illustrated in Figure 6C,D.
The force–displacement curves for both laminates exhibit

FIGURE 7 Impact damage morphologies of: (A) CF_FR at different water immersion aging temperatures and (B) GF_G at different

water immersion aging temperatures under an impact energy of 30 J.

ZHONG ET AL. 1745
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similar behavior at 30�C and 50�C. However, at the
immersion temperature of 70�C, the linear stage of
the curves is significantly shortened for both laminates,
indicating that initial damage from the impact occurs with
minimal deformation. In addition, the stiffness, repre-
sented by the linear stage of force–displacement curves,
decreases for CF_FR at 70�C, while it remains relatively
constant at temperatures below 70�C. This suggests that
the integrity and the out-of-plane stiffness of CF_FR
decrease obviously after prolonged exposure to a hygro-
thermal environment at higher temperatures. From the
energy-time curves shown in Figure 6E,F, it is evident that
the laminates under different hygrothermal aging condi-
tions absorbed less energy than the unaged specimen,
indicating that the extent of the damage may be smaller
for the aged laminates. This observation is further corrobo-
rated by the results shown in Figure 8. A comparison of
the peak force and maximum displacement of the two
laminates after hygrothermal aging is depicted in
Figure 6G,H. It is evident that the peak force of both lami-
nates increases with temperature compared to the unaged
sample, suggesting that laminates immersed at higher
temperatures can better withstand higher impact loads.
Specifically, CF_FR specimens show an increase in peak
force ranging from 3.3% to 22.7% as the temperature
increases from 30�C to 70�C, while CF_G specimens show
an increase in peak force ranging from 0.2% to 22.1%,

indicating that CF_FR shows a greater improvement in
the resistance to impact loading under the same hygro-
thermal aging conditions. In addition, the maximum dis-
placements of the two laminates are reduced after
hygrothermal aging compared to the unaged specimens,
indicating that the specimens can support higher impact
loads with a lower maximum displacement.

The impact damage morphologies under an impact
energy of 30 J at different aging temperatures are shown
in Figure 7. As expected, the overall impact damage pat-
tern remains unchanged across various conditioning tem-
peratures. For both laminates, an indentation is observed
on the front side, while a cross-shaped failure is evident
on the rear side. Notably, the size of the indentation on
the front surface and the cross-shaped failure on the back
surface decrease significantly with increasing hygrother-
mal aging temperatures. Therefore, it can be concluded
that the impact damage in laminates conditioned at dif-
ferent hygrothermal aging environments is reduced
under LVI, with the reduction being more pronounced at
higher temperatures. This effect may be related to the
varying degrees of swelling of the laminates, resulting
from differences in moisture absorption during the differ-
ent hygrothermal aging conditions.

Figure 8 illustrates the C-scan detection results for
impact-damaged areas of the two laminates conditioned
at different hygrothermal aging temperatures. It is

FIGURE 8 C-scan inspections: (A) CF_FR at different temperatures of immersion, and (B) CF_G at different temperatures of

immersion.
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evident that the damage zones in both laminates become
more localized, forming an approximate diamond shape
centered at the impact point. The size of the damage area
decreases with increasing temperature, indicating that
hygrothermal aging positively influences the reduction of
impact damage, in line with the energy-time results
shown in Figure 6E,F. Particularly, at 70�C, the damaged
area of CF_FR decreased significantly by 47.9%, while
CF_G showed a relatively smaller decrease of 40.8%. This
variation may be attributed to the different moisture
absorption capacities of the two epoxy resins. CF_FR,
with its higher water absorption, likely experiences
more significant swelling, which helps resist impact dam-
age. A detailed microstructural examination of the

cross-sections of samples carried out to assess the damage
mechanisms in woven laminates conditioned at various
hygrothermal temperatures, will be presented and dis-
cussed in the following section.

Figure 9 shows SEM microstructures of the cross-sec-
tions for the two types of composite laminates after being
subjected to an impact energy of 30 J under various
hygrothermal conditions. The SEM images reveal damage
mechanisms, including delamination and fiber breakage,
across all specimens, indicating that these are the princi-
pal damage modes under LVI. Furthermore, as the water
bath temperature increases, a decrease in the degree of
fiber breakage is observed in CF_FR, accompanied by
more pronounced delamination damage. This shift is

FIGURE 9 SEM fractographies of cross-section for (A) CF_FR after an impact energy of 30 J under various hygrothermal conditions

and (B) CF_G after an impact energy of 30 J under various hygrothermal conditions.
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likely due to CF_FR absorbing significant amounts of
moisture during prolonged hygrothermal aging, leading
to degradation at the fiber-matrix interface and resulting
in increased delamination damage. Laminates with such

damage are more susceptible to delamination when sub-
jected to impact loads. In contrast, CF_G exhibits more
concentrated fiber breakage upon impact, likely due to its
lower moisture absorption.

FIGURE 10 Load versus displacement curves under various hygrothermal conditions: (A) CF_FR for non-impact cases; (B) CF_G for

non-impact cases; (C) CF_FR for 30 J; (D) CF_G for 30 J; and (E) CAI strength.
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3.4 | CAI behavior

In order to assess the residual compression strength of
the specimens, CAI tests were performed under both 30 J
impact and non-impact conditions. It can be seen that all
the curves show a similar trend in Figure 10A–D.
Initially, the gap between the test fixture and the speci-
men was eliminated with a very small load, after which
the compressive load increases linearly with the displace-
ment. Upon reaching a certain load level, a sudden brittle
failure of laminates is observed, accompanied by a signifi-
cant drop in the load–displacement curve during the CAI
tests. It is worth noting that the slopes of the load–
displacement curves for the specimens conditioned in a
hygrothermal aging environment exhibit a slight
decrease, which suggests that matrix degradation due to
moisture absorption during prolonged immersion in
water reduces the CAI stiffness of the laminates.

Additionally, the compressive strengths of the two
laminates were compared under non-impact conditions
and 30 J of energy impact at different hygrothermal aging
temperatures, as shown in Figure 10E. It is evident that
the compressive strength of both laminates decreases as
the hygrothermal aging temperature increases under all
conditions, indicating a reduction in compressive damage
resistance due to water absorption. Specifically, for non-
impacted cases, the compressive strength of CF_FR
under hygrothermal conditioning at 30–70�C is reduced
by 40.7%–58.1% compared to unaged specimens. In

contrast, the compressive strength of CF_G decreases by
only 8.8%–37.9% under the same conditions. This
observed difference in compressive strength can be attrib-
uted to the superior hygroscopicity of CF_FR, leading to
more severe aging damage and noticeable degradation of
laminate integrity, resulting in a more significant reduc-
tion in compressive strength. Under a 30 J impact, the
CAI strength of CF_G and CF_FR immersed in a 70�C
water bath shows a decrease of 36.3% and 14.8% respec-
tively, compared to the unaged specimens. This differ-
ence may be due to the fact that delamination damage is
more likely to occur in CF_FR at higher temperatures
during hygrothermal aging, resulting in a more pro-
nounced decrease in CAI strength. Therefore, it can be
concluded that CF_FR are more susceptible to significant
degradation in compressive strength and CAI strength
after conditioning in a hygrothermal aging environment.

To analyze the failure mechanisms of CAI in both
laminates under hygrothermal conditions, strain field dis-
tribution data was obtained from the surface during CAI
tests using a VIC-2D system. Figure 11 shows the evolu-
tion of the longitudinal compressive strain for CF_FR
and CF_G under compressive loading at three represen-
tative moments: A, B and C. Both types of laminates
exhibit similar compressive failure mechanisms. During
the CAI tests, the longitudinal compressive strain starts
from the impact-damaged area and becomes noticeable
when the load reaches point A. As the compressive load
increases from A to B, the area with noticeable

FIGURE 11 CAI behavior of (A) CF_FR at 30 J under different hygrothermal conditions and (B) CF_G at 30 J under different

hygrothermal conditions.
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longitudinal strain primarily propagates along the width
direction due to the gradual expansion of impact-induced
delamination. When the strains reach a critical level that
causes compressive failure, the impact-damaged area
suddenly becomes unstable, leading to a significant
increase in compressive strain within a very short period,
ultimately resulting in the overall compressive failure of
the laminates. However, at a water bath temperature of
70�C, significant local deflection is observed on the sur-
face of CF_FR under compressive loading, not only in
the impact-damaged regions. This can be explained
by the fact that CF_FR experiences substantial delamina-
tion damage and swelling when immersed in high-
temperature water for prolonged periods, leading to a sig-
nificant reduction in structural integrity. Consequently,
pronounced local buckling occurs in the swollen regions
under compressive loading, resulting in higher longitudi-
nal compressive strains in the laminates.

Furthermore, the compressive failure morphologies of
both laminates are presented in Figure 12. The tempera-
ture of the hygrothermal environment does not have a
significant effect on the compressive damage morphology

of the laminates after impact. The compressive failure in
both laminates is characterized by transverse cracks
propagating through the impact-damaged area, extrusion
damage of the carbon fiber, and the formation of shear
cracks through the thickness.

4 | CONCLUSIONS

In this paper, the effect of hygrothermal aging conditions
on the mechanical behaviors of twill woven carbon fiber
composite laminates with general (CF_G) and flame-
retardant epoxy resin (CF_FR) thoroughly investigated.
The findings revealed that CF_FR laminates experienced
more significant aging damage due to their higher mois-
ture absorption, leading to extensive swelling on the lam-
inate surface and noticeable delamination within the
internal microstructure compared to CF_G. Both types of
laminates, when conditioned in various hygrothermal
environments, exhibited a marked increase in peak force
with rising aging temperatures, while the damaged area
decreased, indicating a positive effect of hygrothermal

FIGURE 12 Compressive failure morphologies: (A) CF_FR under different hygrothermal conditions; (B) CF_G under different

hygrothermal conditions.
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aging in reducing impact-induced damage. However,
CF_FR was found to be more susceptible to impact-
induced delamination, particularly at higher temperatures,
as opposed to CF_G, which showed more concentrated
fiber breakage due to lower moisture absorption. Addition-
ally, CF_FR laminates suffered a more significant reduc-
tion in compressive strength and CAI strength after
hygrothermal conditioning compared to CF_G, with a
decrease of 36.3% for CF_FR and 14.8% for CF_G at 70�C,
following an impact energy of 30 J. The study also
highlighted the vulnerability of CF_FR to structural insta-
bility post-aging, as significant local buckling was observed
in swollen regions under compressive loading, underscor-
ing the severe impact of hygrothermal aging on the integ-
rity and mechanical performance of these laminates.
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