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Abstract: With an increased utilization of carbon fiber
reinforced polymers ( CFRPs ) in high temperature
environments, investigating their effects on materials
becomes exceedingly important. This study presents a
comparative investigation of thermo-oxidative aging effects
on the flexural performance of two carbon fiber reinforced
composite laminates ( CFRCLs): a quasi-isotropic plain-
woven CFRCL and a quasi-isotropic unidirectional layup
CFRCL ( designated as PW-CFRCL and UD-CFRCL,
respectively). The CFRCLs were subjected to thermo-
oxidative aging for specific durations, and their flexural
strength was evaluated through three-point bending tests.
The flexural strength of the laminates decreased with the
prolonged aging duration. Despite having lower fiber
content, PW-CFRCLs showed higher flexural strength than
UD-CFRCLs. After eight days of aging, the flexural
strength of PW-CFRCLs decreased by merely 4% — 5%,
while that of UD-CFRCLs decreased by 11%—14%. After 32
days of aging, the thinner PW-CFRCL with the lowest fiber
content exhibited the highest flexural strength (595.52 MPa) ,
followed by the thinner UD-CFRCL (549.83 MPa), then
the thicker PW-CFRCL (445.29 MPa) and finally, the
thicker UD-CFRCL (393.90 MPa). The decline in flexural
properties of the laminates was primarily attributed to
matrix cracking and interface debonding resulting from
matrix oxidation. To validate the universality of this result,
the finite element method was employed, showing a good
correlation with the experimental findings.
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0 Introduction

The application of carbon fiber reinforced polymers
(CFRPs) has been gaining prevalence in industries such
as aerospace, automotive, marine, wind energy and
pressure  vessels' . These sectors often expose
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composites in challenging environments with intricate
loading conditions'™®', such as thermal, oxidative and
mechanical coupling loadings'”’.  Polymer matrix
composites, including CFRPs, demonstrate susceptibility
to heat and oxygen, resulting in intensive thermal
oxidation after prolonged exposure'® | leading to the
formation of oxidation byproducts close to the exposed
surfaces, thereby contributing to volume shrinkage of the
matrix'”’ and damage cracks''". Although fibers retain
structural integrity, interface degradation arises due to the
development of volumetric shrinkage, strain and stress
fields in the fiber/matrix interface, culminating in material
failure characterized by delamination''™'. Compared with
traditional metallic materials, the lower thermal
conductivity of CFRPs exacerbates their susceptibility to
heat. This thermal limitation becomes an essential
consideration when utilizing CFRPs in applications where
significant temperature variations prevail.

Oxidation fundamentally occurs on the composite
surface. Discrepancies in the coefficients of thermal
expansion between the fiber and matrix during the
composite curing process induce debonding between the
fiber and matrix, thereby establishing pathways for oxygen
penetration  during  thermo-oxidative  aging'"'"'.
Furthermore, oxidation leads to the embrittlement of epoxy
resin, promoting the accumulation of microcracks under
mechanical loading conditions and exerting a substantial
influence on the strength of the epoxy resin'”. The
degradation mechanism is contingent upon the geometry of
the specimen and its anisotropic characteristics'' .

There have been several explorations on the effect of
thermal aging on compressive behavior'” | tensile
behavior'"® | torsional behavior "’ | impact resistance ™" |
interlaminar shear strength™' and short beam shear
strength ™. Gowayed et al.'® computed the thermal
conductivity of four types of plain woven composites
using a fabric geometry model. Subsequently, the
influence of fiber types and fiber volume fractions on the
heat transfer properties was explored. Garcia-Moreno
et al.”™ investigated the impact and flexural behavior of
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CFRPs after aging, and a noteworthy increase in flexural
strength was observed in specimens aged at a temperature
lower than the glass transition temperature T,.
Conversely, a clear deterioration was noted for specimens
exposed to higher temperatures. Zhang et al.'” also
reported a significant reduction of the compressive
strength in three-dimensional (3D) braided carbon fiber/
epoxy specimens caused by aging temperatures near 7,
through the finite element model. In contrast, Fiamegkou
et al. "™ found a reduction of the interlaminar shear
strength in the carbon fiber reinforced cyanate ester
laminates. Several investigations have indicated that the
degradation of the interface between the fiber and matrix,
followed by fiber debonding due to thermal oxidation
aging, profoundly affects the failure mechanism of
composite materials' > .

The aforementioned studies provide evidence that
exposure to temperatures above 7, of the material can
substantially impact the mechanical properties of CFRPs
due to matrix degradation. However, to the best of our
knowledge, information on how varying aging durations
and composite architectures influence the strength of
carbon fiber reinforced epoxy composites is still limited.

This study aims to address the gap by investigating

the effects of thermal-oxidative aging over different
durations on the flexural behavior of the quasi-isotropic
carbon fiber reinforced composite laminate ( CFRCL) ,
along with its repercussions on architectural change. Such
CFRCL is selected due to its pseudo-ductile behavior ™"
and relatively uniform mechanical properties. Aging
durations ranging from 4 to 32 days are selected and
conducted at 180 C, which is above the glass transition
temperature of the epoxy resin. The flexural strength of
both aged and pristine specimens is assessed by the three-
point bending test and further analyzed using the finite
element method.

1 Materials and Methods

1.1 Materials

The matrix of the CFRCLs is epoxy resin, and the
reinforcement is the carbon fibers ( SYT49S-12K) with a
diameter of 7 pm from Zhongfu Shenying Carbon Fiber
Co., Ltd., China. The epoxy resin ( JC-02A ) and
hardener ( JC-02B ) used for impregnation are from
Changshu Jiafa Chemical Inc., China. The physical
properties of the reinforcement and matrix are listed in
Table 1.

Table 1 Physical properties of reinforcement and matrix

E,/MPa

v G, /MPa

Material 3 E /MPa v . G,./MPa
aenan p/ (g/emt) : (E,=E) (v, =) T (G,= G.) :
Carbon fiber 1. 80 230 000 14 000 0.25 0.3 9 000 5 000

Epoxy resin 1.13 2 400 — 0.35 — 890 —

Notes: p is the mass density; E

x

directions, respectively; v

Xy’

v,, and v _ represent the Poisson’ s ratios in the x-y, x-z and y-z planes, respectively; G,

, E, and E_ represent the moduli of elasticity in the longitudinal, transverse and out-of-plane

G,. and G,

Xy o

represent the shear moduli in the x-y, x-z and y-z planes, respectively.

Two sets of quasi-isotropic CFRCLs were
fabricated. One was featured by unidirectional carbon
fibers, and the other by 1X1 plain woven carbon fibers.
The corresponding laminates were named UD-CFRCLs
and PW-CFRCLs, respectively. Each of them comprised
two distinct configurations. The UD-CFRCLs included
UD16 and UD32 specimens which were constructed by
stacking 16 and 32 layers of unidirectional carbon fibers,
respectively, in a symmetric sequence of 0°, 90°, 45° and
—45°. The PW-CFRCLs included PW8 and PWI16
specimens which consisted of 8 and 16 layers of plain
woven carbon fibers, respectively, arranged in a
symmetric sequence of warp, weft, 45° and —45°. The
stacking sequences of these laminates are depicted in
Fig. 1.

All four laminates ( UD16, UD32, PW8 and
PW16) were fabricated using the traditional vacuum-
assisted resin transfer molding ( VARTM) process. They
were subjected to a curing process: starting at 90°C for
2 h, followed by 110C for 1 h and concluding with

130 C for 4 h. Subsequently, the laminates were water-
jet cut into strips and their edges were polished using
sandpaper. The specimens were then prepared according
to ASTM D7264 specifications, with a depth-to-span
ratio of 1:20 and a total length equal to 1.2 times the
span length. The architecture and dimension parameters
of the specimens are summarized in Table 2.

Fig. 1 Stacking sequences of laminates
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Table 2 Architecture and dimension parameters of specimens

Specimen Stackine sequence Laver Thickness/ Span Lengthxwidth / Fiber volume
P g seq Y mm length/ mm (mmxmm) fraction/ %
uD16 [0°, 90°, 45°, —45°], 16 3.40 68.0 82.60 x 20 57
UD-CFRCLs
UD32 [0°, 90°, 45°, —45°] 32 6. 80 139.6 167.52 x 20 59
PW8 [ warp, weft, 45°, —45°],, 8 3.74 74.8 89.76 x 20 52
PW-CFRCLs
PW16 [ warp, weft, 45°, —45°],, 16 6. 87 137.4 164. 88 x 20 54

Notes: the subscripts 1, 2 and 4 indicate the sequence is repeated once, twice and four times, respectively; the subscript s means that

the entire layup is symmetric ( mirrored).

1.2 Thermo-oxidative aging

To simulate long-term thermo-oxidative aging of
composites, the specimens underwent thermo-oxidative
aging at 180 C, a temperature above the glass transition
temperature of the resin, for a designated duration of 4,
8, 16 and 32 days. The objective was to ascertain the
material* s flexural strength under aging conditions. All
specimens were then categorized into a total of five
groups, comprising the pristine specimen used as a
baseline for comparison.
1.3 Quasi-static flexural test

The three-point bending test was performed adhering
to ASTM D7264 standard to analyze the flexural
properties of the specimens, specifically the maximum
strain and maximum flexural stress. The tests were
conducted in a universal testing machine ( MTS 810,
MTS Systems Corporation, USA ) equipped with a
100 kN load cell at a stroke rate or crosshead speed of
2.0 mm/min. A schematic depiction of the three-point
bending test setup is presented in Fig. 2.

Fig. 2 Schematic diagram of three-point bending test setup

The specimen dimensions in this investigation yield a
thickness-to-span length ratio, enabling computation of
ultimate flexural stress o, and flexural strain &,
through the application of Eqs. (1) and (2) adhering to
ASTM D7264 standard. This standard is derived from the
classical beam theory, predicated on the assumption that
shear effects are negligible.

The ultimate flexural stress o, is expressed as

3F..S

max
max

26k

(1)

where ' is the maximum load at maximum deflection
d,..;S, band h are support span, mid-span width and

thickness, respectively.
The ultimate flexural strain £ is expressed as

6d

max

max

SZ

. (2)

1.4 Characterization of aging and flexural damage
morphologies

An optical microscope ( MI-SIM 2000, CSR
Biotech, Guangzhou, China ) was employed to
characterize the oxidation propagation on the surface of
the specimen. Furthermore, failure morphologies after
three-point bend loading were compared to elucidate the
thermal degradation mechanism of the specimen. Apparent
crack propagation occurrences were recorded every second
using a digital single-lens reflex (DSLR) camera ( HiS-
SIM, CSR Biotech, Guangzhou, China) to characterize
various failure modes induced by the three-point bending
load.

1.5 Numerical simulation

To assess the mechanical behaviors of the composite
laminates after thermo-oxidative aging, the specimens
with stacking sequences of [ warp, weft, 45°, —45°]
and [ 0°, 90°, 45°, —45°], were modeled in CATIA
and ABAQUS software. Figure 3(a) shows an example
of the [0°, 90°, 45°, —45° ], stacking sequence.

The finite element model of the three-point bending
test generated in ABAQUS software is shown in
Fig.3(b). The configuration comprises one stroke roller
exerting a downward load, the composite laminate and
two firm support rollers. The composite laminate consists
of resin, fiber reinforcement and fiber/resin interface.
Construction of the composite laminate and the rollers
utilizes 3D shell elements ( SC8R) and 8-node brick
elements ( C3D8R ), respectively. The support rollers
were held stationary, whereas the stroke roller had
freedom in y direction. Adjustments were made to set up
dimensions to align with the actual sizes.
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Fig.3 Finite element models: (a) assembly of laminate with a [ 0°, 90°, 45°, —45°]

stacking sequence; (b) three-point bending load simulation

Elastic-plastic behavior of resin is modeled based on
the Von Mises yield criterion'™’ and expressed as

f@)= /0, =0 + (@, =0 + (@ =0 -0 (3)

where o, o,, and o, represent the maximal, middle and
minimal principal stress components, respectively; o
denotes the initial yield stress.

Each composite ply was represented as a
homogeneous orthotropic  material capable of
experiencing  progressive damage through the
degradation of material stiffness during the resin
impregnation and consolidation process. The elastic
modulus of all fiber tows was determined by using the
bridging model ™. Attempts were made to correlate
the fiber volume fraction with experimental specimens,
which had a fiber volume fraction of 52% for the
eight-layer PW-CFRCL ( PW8) and 57% for the
sixteen-layer UD-CFRCL ( UD16 ). Material damage
within plies, such as fiber/matrix cracks, was
considered to be distributed throughout the volume of
the element. The commencement of damage in fiber/
matrix was evaluated through the application of ductile
and shear failure criteria’®’, which were defined by
specifying the equivalent plastic strain at the onset of
damage and by applying Hashin ° s criterion.
Furthermore, interfacial cohesion between fibers and
resin was modeled by using the surface-based cohesive
zone model ( CZM ). Since carbon fibers exhibited
relative stability during thermo-oxidative aging and the
damage was primarily induced through matrix cracks,
the fiber properties were assumed to remain unchanged
after thermo-oxidative aging'™ . However, matrix
shrinkage induced by thermal oxidation was not
considered in this modeling. Only the crack initiations
and propagations were considered. Finally, the
weakening of the interfaces was characterized by
adjusting the parameters in the finite element
simulation, utilizing interfacial parameters ( Table 3)
obtained from Refs. [36-37].

The interaction between yarns and resin was
characterized by cohesive behavior. This model is based

s

on bilinear traction law which commences with a linear
elastic behavior before damage initiation ;

t=k3o, (4)

where # represents the nominal traction stress vector; k_ is
the stiffness matrix ; & is the strain vector.

Table 3 Interfacial parameters of pristine and aged specimens

0 _ C C C
. = G/ G, =G/
Specimen 1) /MPa o " N !
t, /MPa  (N-mm) (N + mm)
Pristine 120 150 0.25 1.0
Aged 80 100 0.17 0. 67

Notes: ¢0, ¢ and ¢! denote the critical stress components at the
interface, where 0 represents the normal-direction damage
initiation stress, ¢ and 1 represent the damage initiation stresses
in the primary and secondary tangential direction, respectively;
GC

n o

conjugate relative displacements in the normal, first and second

G¢ and G' denote the work done by the tractions and their

shear directions, respectively.

Additionally, contact conditions with a friction
coefficient of 0.3"" were incorporated to simulate the
interaction between the loading plates and the specimen.

2 Results and Discussion

2.1 Effect of thermo-oxidative aging

Matrix degradation is one of the primary damages
caused by aging that can be detected by changes in color in
the interlacing areas of the composite. As depicted in
Fig.4, varying color intensities within these interlaced
areas correspond to different aging durations, indicative of
matrix oxidation. The oxidized areas appear to be darker
than the specimen core, and the discoloration extent
progressively rises with an increase in aging duration.
Before aging, the yarn surface is covered with a thin layer
of resin, exhibiting a smooth and glossy texture.
However, following aging, oxidation of the resin surface
leads to volume shrinkage, while reinforcement positions
remain intact. As a result, the resin no longer completely
covers the matrix at the yarn interlacing points.
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0d 4d 8d

16d 32d

Fig. 4 Oxidation growth in interlacing areas after different aging durations

Figures 5-8 illustrate the interface damage within
the fibers and between adjacent layers triggered by
thermo-oxidative aging. The cracks upon aging are
visible in 16-day-aged PW8, UD16 and PW16, as

well as in 8-day-aged UD32. The emergence of
fissures gives rise to extra surfaces and pathways that
facilitate the transport of oxygen into the inner layers of
the composite material.

_w Crack upon aging

2\ Damage prior to knee stress
O Damage upon knee stress
[ Damage upon peak stress

T
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2™ Damage prior to knee stress
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Fig. 6 Damage in PW16 laminates after different aging durations; (a) 0 d; (b) 4d; (c) 8d; (d) 16d; (e) 32d
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_w Crack upon aging

2™\ Damage prior to knee stress
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Fig. 7 Damage in UD16 laminates after different aging durations; (a) 0 d; (b) 4 d; (¢) 8d; (d) 16d; (e) 32d

_» Crack upon aging

. Damage prior to knee stress
O Damage upon knee stress
[1 Damage upon peak stress

Fig.8 Damage in UD32 laminates after different aging durations: (a) 0 d; (b) 4d; (c¢) 8d; (d) 16d; (e) 32d

The crack propagation preferentially occurs in the
direction of the fibers, especially along the interface
between the fiber and the matrix, leading to the formation
of the most profound zone of fractures. Ongoing
extension of crack propagation was anticipated as the
aging time was prolonged.

2.2 Flexural behavior and damage analysis
2.2.1 Khnee point stress
A knee point emerges at the elastic limit, serving as

a transition between the linear and non-linear stress-strain
relationship, marking the initiation of damage in the
experimental specimen"*” . The flexural knee point stress
for all four specimens ( summarized in Table 4) indicates
that knee point stress did not manifest in thinner samples
until 16 days of aging, while it was evident in pristine
thicker specimens. The results suggest a consistent
degradation in knee point stress as laminate thickness and
aging duration increase.
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Table 4 Knee point stress and ultimate stress of four specimens at different aging durations
Aging Knee point stress/MPa Ultimate stress/MPa
duration/d PWS UD16 PW16 UD32 PW8 UD16 PW16 UD32
0 — — 604. 77 524.56 783.59 488. 86 648. 89 532.02
4 — — 560. 42 469. 35 772.82 483.29 625. 17 515.00
8 — — 459. 40 412.75 747. 82 470. 55 578.77 455.99
16 617.71 411. 61 429.02 412.77 664. 09 458. 19 572. 80 426.53
32 534.26 297. 44 421.22 393.90 595.52 445.29 549. 83 393.90

2.2.2 Flexural strength

The flexural strength characterizes the ability of
laminated composites to endure bending stresses before
the fracture point. Common failure modes under flexural
loading encompass compressive, tensile and/or shear
failure, which are linked with phenomena such as matrix
cracking, fiber breakage and delamination. The tests on
pristine specimens were performed to determine the
flexural behavior of all specimens. The flexural strength
was determined by the ultimate stress before failure. The
flexural strength values of the specimens (PW8, PW16,
UD16 and UD32 with fiber volume fractions of 52%,
54%, 57% and 59%, respectively ) are presented in
Fig.9. Both the flexural strength of PW-CFRCLs and
UD-CFRCLs decreased after aging. After 8 days of
aging, the flexural strength of PW8 and PW16 decreased
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by 5% and 4%, respectively, while that of UD16 and
UD32 decreased by 11% and 14%, respectively. The
flexural strength of PW8 is higher than that of UDI6,
regardless of the lower fiber content in UDI16. This
indicates the superior performance of PW-CFRCLs
compared to UD-CFRCLs. For pristine specimens, the
flexural strength reaches 783.59 MPa for PW8 and
648. 89 MPa for UD16, which gradually decreases with
an increase in aging duration. The minimum flexural
strength of PW8 and UD16 is observed upon 32 days of
aging, measuring 595.52 MPa and 549.83 MPa,
respectively. As anticipated, the ultimate flexural stress
of the specimens depicted a gradual reduction with an
increase in aging duration. Furthermore, all pristine
specimens failed on the compressive layer, while the
tensile failure could be seen in the aged thicker laminates.
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625.16
~ 600k Decby 4% |  578.77 572.80
g Decby 11%
L
& 400 -
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g
o
= 200
0
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Dec—decreased.
Fig. 9 Flexural strength of specimens as a function of aging duration: (a) PW8; (b) UD16; (c¢) PW16; (d) UD32
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2.2.3  Effect of thermo-oxidative aging on PW-
CFRCLs

To examine the influence of thermo-oxidative aging
on the flexural damage response concerning material
thickness, two PW-CFRCLs with the same architecture ,
but a distinct number of plies were investigated. The

effect of aging on flexural resistance was assessed by

600

500

400 - ; .

300

Stress/MPa

200

100 -

0 1 1 1 1 L 1 1 1 "
0 1 2 3 4 5 6 7 8
Deflection/mm

(@)

using maximum flexural strength as a metric.
Additionally, microscopic views of the damage were
captured through the DSLR camera during the test. The
flexural strength as a function of the thermo-oxidative
aging duration for PW8 and PW16 is shown in Fig. 9,
while the stress-deflection curves for both samples are
presented in Fig. 10.

600 ——0d
500F ——164d
——32d 7
g 400 7~ 1
2 300
B
2
200
100 |
0 1 1 1 1 1
0 1 2 3 4 5 6

Deﬂeciion/mm

(b)

Fig. 10  Flexural stress-deflection curves of specimens after different aging durations: (a)PW8; (b)PWI16

The results indicate that the ultimate flexural stress of
specimens upon aging reduced gradually with an increase in
aging duration. This is mainly attributed to molecular
configuration accompanied by thermal deterioration, leading
to embrittlement of the epoxy resin'™*'. Furthermore, the
flexural strengths of PW8 (‘a thickness of 3.7 mm) and
PW16 (a thickness of 6.8 mm) are 783.59 MPa and
488. 86 MPa, respectively. This represents a 38% reduction
in flexural strength for the thicker laminate ( PW16 )
compared to the thinner counterpart (PW8).

This result demonstrates that thinner specimens
exhibit superior flexural performance, potentially attributed
to dry fiber bundles within thicker laminates creating
weakly bonded interfaces, thereby reducing load transfer
efficiency. If a lack of guaranteed interfacial adhesion at
an interface exists, then the efficient transfer of stress
throughout the interface will be inhibited. As a result, the
mechanical performance of the resulting composite can be
significantly restricted due to the extremely low-stress
transfer efficiency'". Additionally, the thicker laminate
was not as prone to thermal-oxidative aging as the thinner
laminate in terms of flexural strength, as the ultimate
stress of PW8 decreased by 24% after 32 days of aging,
while that of PW16 decreased by merely 9%.

Crack initiation in both PW8 and PW16 occurred in
the compressive side layer ( Figs. 5 and 6), which is
close to the applied load at an initial stage, gradually
progressing inwards upon an increase in aging duration.
However, the interface crack on the tension side could
also be seen on the 8-day-aged PW16. At the early stage
of aging (0-8 d), the failure was dominated by matrix
cracking and fiber kinking. With the increase of aging
time (16-32 d), in addition to cracks formed by the
thermo-oxidative process, matrix cracks upon load

occurred just after the knee point, which led to further
stiffness degradation in the flexural stress-deflection
relation diagram ( Fig. 10). Fiber/matrix debonding and
intralaminar cracks on the other hand can be observed
before the peak point. The reduction in flexural strength
might be attributed to crack propagation caused by
oxidative aging-induced matrix and fiber/matrix interface
degradation. Moreover, only the outer layer of the
specimens was fractured, while the inner core remained
intact despite exhibiting minor cracks upon aging. This
could be due to the limited thickness of the oxidized layer
within the surface region, which protected the inner
epoxy from further oxidation"*'.

In pristine PW8 specimens, the presence of a matrix
crack in the second layer became apparent upon reaching
peak stress. Subsequently, after 4 to 8 days of aging,
these cracks elongated, accompanied by the emergence of
an additional crack on the first layer. Additionally, the
phenomenon of fiber/matrix debonding and fiber kinking
can be observed. The manifestation of cracks attributed to
aging became apparent after 16 days of aging, resulting in
further fiber/matrix debonding on the third layer. After
the final stage (32 d), the visibility of aging-induced
cracks heightened, with an intensified severity of fiber/
matrix cracks. Furthermore, yarn breakage was
discernible on the first two layers. PW16 exhibited a
similar pattern to PWS8, nevertheless, cracks were
noticeable upon reaching knee stress, and the intensity
and quantity of fiber/matrix debonding were augmented.
2.2.4 Comparison of thermo-oxidative aging effects

on PW-CFRCLs and UD-CFRCLs

In an attempt to compare the effect of fabric
structure on the material subjected to thermal-oxidative
aging, PW-CFRCLs were compared with UD-CFRCLs of
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similar thicknesses. In terms of architecture, PW8
exhibited slightly higher flexural strength (783. 59 MPa)
than UD16 (648.89 MPa). Even after aging for 32
days, the flexural strength of PW8 (595.52 MPa) was
still superior to that of UD16 (549.83 MPa). In the
thicker laminates, although the pristine UD32 initially
exhibited higher flexural strength than PW16, it was more
susceptible to thermal-oxidative aging. Ultimately, the
flexural strength of PW16 decreased by 9% after 32 days
of aging, while that of UD32 decreased by 26%
(Fig.9). This result indicates that PW-CFRCLs are more
suitable for application in heat than UD-CFRCLs.

Both compressive and tensile failures of UD-CFRCLs
were observed after aging. Similar to PW-CFRCLs, the
thinner UD-CFRCL performed better than the thicker

Stress/MPa

0 . I . L . | L
0 1 2 3 4

Deflection/mm

(a)

Fig. 11

2.3 Finite element analysis

A numerical model for the aged laminate was
established according to the morphology and property
characterization of the laminates after thermo-oxidative
aging. The model incorporates consideration of thermo-
oxidative degradation of both the matrix and the interface.
The main purpose of the simulation was to provide insight
into the qualitative results of three-point bending tests

one. UD16 exhibited a linear stress-deflection relationship
up to the maximum stress, however, an obvious dip in
flexural stress could be seen in UD32 before failure ( Fig.
11). Unidirectional laminates showed brittle behavior,
with matrix cracking initiating on the first two layers on
the compressive side. These matrix cracks initiated at the
knee stress point and then moved catastrophically through
the specimen, leading to delamination and fiber breakage
in the aged specimen. Matrix cracks could also be seen
after 16 days of aging. In addition to the cracks formed
by the thermo-oxidative process, load-induced matrix
cracks occurred, which further degraded the stiffness in
the flexural stress-deflection relationship. Matrix cracking
and delamination occurred in the 90° layer, while the
fiber breakage was observed in the 0° layer.
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S
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=]

Stress/MPa
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o) — L . 1 . 1 . I .
0 1 2 3 4 5

Deflection/mm

(b)

Flexural stress-deflection curves of specimens after different aging durations: (a)UD16; (b)UD32

conducted on quasi-isotropic materials. Moreover, aging
for 16 and 32 days was selected because no apparent
degradation was observed after 4 and 8 days of aging.

Figures 12 and 13 depict the stress-deflection curves
of PW8 and UD16, comparing those obtained from the
numerical results and the experimental results. The
numerical results show a good correlation with the
experimental results.
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Fig. 12 Comparison of ultimate load between numerical and experimental data of PW8 after different aging durations: (a) 0 d; (b) 16 d; (c¢) 32 d
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Fig. 13 Comparison of ultimate load between numerical and experimental data of UD16 after different aging durations ;

Figures 14 and 15 illustrate the damage progression of
the laminates subjected to aging. Interface cracks initiate
at the surface and propagate towards the core, while only
matrix degradation is considered in the inner core. In PW8
laminate, only matrix cracks are apparent in pristine
specimens. The damage is initiated under the crosshead
after fiber kinks in the bottom layer, ultimately leading to
failure in the entire specimen. UD 16 laminate undergoes
fiber/matrix debonding even in the pristine specimens, and
this phenomenon propagates with increasing aging duration.

The flexural behavior of both pristine and aged
specimens was corroborated through a specimen-scale
model. The finite element model aptly anticipates the
distinct failure modes observed in experimental

CSDMG General_Contact_Domain

|

CSDMG General_Contact_Domain

|

CSDMG General_Contact_Domain

|

SLOLOCOOOOOO0
SO RNS-I0D
SRRNAI— DDA
SHASHASNASNND
SHAUSHASHASHAS

POCOCOO00CO0
So—oLR iS00S
SRNAN—OONNI—D
SWAROWASWASWANDS
SHAUSHUSHASHAS

COSOOCoE0OS I~
DO LI BN ICNOD
SRPACI—=DRRNNGI—D
SUNSHANDSNRSHNDS
SHAUSHUSLUSHUDS

©

Fig. 14 Numerical damage and stress level of PW8 after different aging durations:

(a) 0d; (b) 16 d; (c) 32d

observations. Furthermore, the stress distribution and
interface damage were discerned at the peak load and
knee point, respectively, elucidating the underlying
mechanisms of damage. In pristine PW8 specimens, only
matrix cracks were evident, while interface damage
commenced in the 16-day and 32-day aged specimens
after fiber breakage in the bottom layer. Figures 14 and
15 display the plots from the finite element analysis
(FEA) of aged laminates, illustrating the failed elements
in the FEA mesh. Notably, the pristine specimens failed
due to matrix cracking, while the aged specimens
experienced failure due to interface damage. Conversely,
in UD16 laminates, interface damage is observable in the
pristine specimens and the aged specimens.
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Fig. 15 Numerical damage and stress level of UD16 after different aging durations:

3 Conclusions

This study investigated the impact of thermo-
oxidative aging at various durations on the flexural
behavior of quasi-isotropic PW-CFRCLs, contrasting
their performance with that of quasi-isotropic
UD-CFRCLs. In addition, the finite element method was
employed to validate the experimental results in assessing
the flexural behavior of the laminates. We found that
flexural strength decreased with the increase in aging
duration. Furthermore, fabric architecture significantly
influenced flexural performance, and increasing laminate
plies did not substantially enhance flexural strength.
Matrix cracking and fiber/matrix debonding were the
primary causes of failure in all four specimens, however,
fiber breakage was observed in PW-CFRCLs upon aging
and an additional delamination in unidirectional
laminates. These phenomena are supported by numerical
analysis, which indicates the superiority of plain woven
composite unidirectional laminates and the
degradation of flexural strength with an increase in aging
duration. We hope such a model could be extended to
design at the meso- and microscale as well as for other
composite structures with excellent thermo-oxidative

over
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aging resistance, particularly for aerospace applications.
Overall, the findings serve as the foundation for further
analyses to enable integrity assessments and damage mode
identification by using the finite element method for
asymmetric plain woven and unidirectional composites.
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