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ARTICLE INFO ABSTRACT
Keywords: Filament winding is a widely used technique for manufacturing axisymmetric fibre-reinforced
Hygrothermal ageing composites, such as pressure vessels and pipes, designed for harsh environments. Understand-

Fracture toughness
Material characterisation
Filament winding

ing the effects of these conditions on mechanical performance is crucial. This study presents a
combined experimental and numerical investigation of unidirectional carbon/epoxy composites
manufactured via filament winding, subjected to tensile, compressive, shear, and interlaminar
fracture toughness tests (Modes I and II). Samples were exposed to hygrothermal ageing at room
and elevated temperatures to assess moisture absorption and its influence on fracture properties.
Special attention is given to the variation in interlaminar fracture toughness as a result of
hygrothermal exposure. A fractographic analysis reveals fibre bridging as a key mechanism
behind enhanced Mode I toughness, while Mode II toughness deteriorates with ageing. The
findings provide critical insights into the durability and failure mechanisms of filament-wound
composites under service conditions.

1. Introduction

The continuously growing demand for materials with superior properties that can perform under demanding ecological and
economic conditions is evident. In this context, composite materials have been implemented in increasing applications due to some
unique features they provide to the industry, including a high strength-to-weight ratio, increased stiffness, increased fatigue life and
design flexibility [1]. Another interesting fact is the presence of a variety of manufacturing methods for producing composite com-
ponents. Among these methods, the filament winding process is an appealing solution for producing axially symmetrical structures,
including tubes, pipelines and even pressure vessels [2-4]. This process involves depositing pre-impregnated fibre-reinforced poly-
meric tapes into a rotating mandrel at determined speeds for creating repeated patterns [4-6]. Despite the flexibility and versatility of
this manufacturing method, the composites are prone to several defects such as gaps between the deposited tows [2], porosity [7], fibre
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Nomenclature

Eyf Longitudinal flexural modulus

Gic Mode I critical energy release rate
Gic Mode II critical energy release rate
Gq Total energy release rate at a given loading condition
Pprax Maximum load during the crack progression
ap Crack length at the time of fracture
to Initial time

CC Compliance Calibration

FW Filament winding

h Half of the thickness

C Compliance

F Correction factor

P Load

U(max) Maximum moisture absorption

U(t) Moisture absorption

a Crack length

b Width

k Growth rate

m Compliance calibration coefficient
t Time

8 Longitudinal displacement

angle deviation [4,8], while the overall mechanical behaviour is dependent on several factors including the generated pattern [8,9] or
the stacking sequence/winding type that modifies the filament tension during the deposition [10,11] and the overall compaction of the
layers [12].

Since a potential component made of these material systems should perform well under various environmental conditions, their
mechanical performance after being exposed to hostile environments is of paramount importance. It can be noticed that an increasing
number of studies have identified the effects of temperature and humidity on the material structure and mechanical behaviour. As
stated by Dao et al [13], moisture absorption may activate irreversible chemical changes in the composite structure due to the reaction
of the polymeric system and the water, influencing the ageing process as well. These reactions may be in the fibre-matrix interface,
affecting the load transfer from the matrix to the adjacent fibre bundles [14]. As reported by Garg and Chalak [15], several factors
affect the humidity uptake, such as exposure resistance, relative humidity, temperature, component geometry, loading conditions or
even the fibre content. In detail, the absorption is found to be increased in lower fibre volume fractions. As seen in past works [16], the
moisture absorption is closely dependent on manufacturing defects such as porosity, which is already known for degrading the matrix-
dominated properties [17,18]. Therefore, the spherical assessment of the effects of exposure to a potential thermal variation, as well as
to a humid environment, under various loading conditions is crucial.

In the same context, the interlaminar fracture toughness of composite materials, when exposed to hygrothermal conditions, is of
interest. Davidson et al. [19] studied double cantilever beam (DCB) samples of carbon/epoxy composites under a combination of
saturated humidity and temperatures from —43 to 125 °C. The results indicated an increase in the critical energy release rate G;c while
the temperature increased, and a change in the morphology of the R-curves while the Gy¢ values decreased. The same statement about
the moisture effects was previously observed in the works of Sezler and Friedrich [20], Garg and Ishai [21] and Fishcer and Arendts
[22], which is attributed to a combination of phenomena including matrix plasticisation, fibre bridging and intense coalescence of
microcracks near the crack tip. The enhancement of the matrix ductility is also stated by Khan et al. [23], however, without an increase
in the Gy values.

In the case of cylindrical filament-wound structures, curved samples have traditionally been used for measuring interlaminar
fracture toughness. However, only a limited number of studies have employed such configurations due to the complexity of specimen
geometry and the challenges associated with manufacturing and testing [24-28]. For example, Pollet et al. [29] investigated the effect
of hygrothermal ageing on Mode I fracture using curved double cantilever beam (CDCB) specimens, revealing significant R-curve
changes due to humidity and temperature exposure. As an alternative, filament-wound flat specimens offer easier characterisation
setups but pose considerable manufacturing challenges, particularly regarding tow placement and compaction. Previous studies have
focused on tensile behaviour [30] or fatigue performance [31] of such flat configurations, with minimal attention to fracture
toughness. Moreover, Ribeiro et al. [32] applied numerical models to curved wound structures but did not extend this to hygrothermal
degradation or flat specimens.

This study provides a comprehensive and systematic evaluation of Mode I and Mode II fracture toughness of flat carbon/epoxy
composites after hygrothermal ageing, combining experimental mechanics, fracture surface analysis, and finite element simulations
calibrated with experimental data. This is one of the first studies to assess the interplay between moisture absorption, thermal ageing,
and crack propagation in flat laminates manufactured by filament winding. The use of experimentally calibrated R-curve-based nu-
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merical models enhances novelty, being a practical and effective predictive tool for interlaminar failure under service conditions
relevant to composite pressure vessels.

2. Materials and manufacturing
2.1. Materials

The materials used for the manufacturing of the composites were continuous unidirectional carbon fibre towpregs pre-impregnated
with a thermosetting epoxy resin from the manufacturer SGL Carbon. The towpregs, with the code CT24-5.0/270-E100, were produced
by SIGRAFIL, and the epoxy matrix, with the code E910, was supplied by SIGRAPREG. The fibre filaments are untwisted and have an
average width of 6.4 mm, containing 24 K filaments with an average diameter of 6.9 pm. The pre-impregnated tow contains a fibre
volume fraction of 65%.

2.2. Manufacturing of standard laminates

The unidirectional laminates were manufactured using a seven-axis robotic fibre placement system (model Kuka KR 140 L100-2) to
ensure precise control of fibre alignment, tension, and deposition quality. Its control capabilities enable precision and quality in the
placement of the towpregs, achieving a winding angle tolerance of 0.5%, corresponding to a minimum positioning accuracy of 0.1 mm.
Although flat specimens were used in this study, the robotic process is typically applied to complex geometries such as tubes, cylinders,
and composite overwrapped pressure vessels (COPVs). Employing the same manufacturing route for flat panels ensures that the
measured mechanical properties are representative of those achievable in curved structural components, enhancing the relevance and
transferability of the results to real-world applications.

The laminate designs were created using the CADWind 2010 software, which is dedicated to the design and manufacturing of
filament-wound components. The software functions range from CAD model creation, where the component is designed, to post-
processing the model to generate codes applicable to winding the part.

A rectangular stainless-steel plate was designed and produced (327 x 228 x 12 mm?®) to serve as the mould, enabling the pro-
duction of unidirectional carbon/epoxy laminates. To facilitate the removal of the laminate after material curing, a Loctite Frekote
770-NC release agent was applied to the mandrel. To meet the laminate thickness requirements of the adopted standards, laminates
with 3 and 4 layers were manufactured. After the winding process was completed, the mandrel/laminate assembly was wrapped with
shrink tape to promote laminate compaction. Consecutively, to obtain a laminate with similar quality to cylindrical laminates, the
laminates were pressed in a heated hydraulic press under a pressure of 6 ton and heated at 4 °C/min to 140 °C and held for 45 min. The
curing process was carried out under constant pressure, with the heated press, mandrel, and laminate subsequently cooling down to
room temperature at a rate of 4 °C/min.

2.3. Manufacturing of laminates for fracture tests

The manufacturing procedure for the test specimens for interlaminar fracture toughness in Modes I and II was like those previously
described in Section 2.2. However, 16 layers of material were used to reach the thickness recommended by the ASTM D5528 and the
ASTM D7905 standards (3.5 to 5 mm). The process can be divided into three stages: the first involves winding 8 layers. The next stage
was applying a 0.13 mm-thick PTFE release film (from Armalon) at the mid-plane of the laminate to induce a pre-crack, as seen in Fig. 1
(a), with a width of 65 mm, specifically for Mode-I testing, ensuring that the distance between the load application centre and the end
of the film is 50 mm. Finally, another 8 layers are wound (Fig. 1(b)), achieving the production of a 16-layer lamina, reaching an
approximate thickness of 4 mm.

(b)

Fig. 1. (a) Winding of laminates for fracture tests paused after deposition of layer 8 to insert the releasing film, and (b) continuation of depositing
the remaining 8 layers.
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3. Testing
3.1. Hygrothermal conditioning

To analyse the effects of hygrothermal conditioning on fracture toughness results, five samples per group were produced as pre-
viously described and, subsequently, submerged in water at either room temperature (23 °C) or 70 °C. The choice of the temperatures
of interest was based on previous works in the field [28,32]. Before hygrothermal conditioning, the samples were dried in an oven at
90 °C for 24 h to remove any initial moisture. These dried samples serve as the reference condition throughout the study, providing a
baseline for comparison with the aged specimens. After drying, the samples were weighed and placed back in the oven for an additional
hour, followed by another weighing. This step was repeated until the total mass stabilised, averaging 4 h, with the final weight being
recorded as the dry sample weight.

Moisture absorption was monitored according to the guidelines of the ASTM D5229 standard, with regular weighings until all
sample groups reached mass stabilisation. Consequently, during the first few days of conditioning, when absorption was faster, the
measurement frequency was twice a day, while after several days, the frequency was reduced to once a day and, eventually, to every
three days. Overall, roughly 900 h were required to reach a total stabilisation and the “effective equilibrium”, that is, a mass variation
of less than 0.02% between two consecutive measurements. The calculation of mass variation is represented by:

M: 1 — M-
AM(%) = (W) x 100 eh)
nitiat

Mass stabilisation can also be observed and determined graphically from the plateau zone of the moisture gain (as a percentage of
mass) against the square root of time.

In order to fit the experimental data points, three models are employed based on their ability to represent non-linear, saturation, or
growth behaviour:

1. Sigmoidal model (logistic function)

1

V) = Unex 1 o)

2)
where Upay is the maximum moisture absorption, k is the growth rate, t is time and ¢ is the inflection point.

2. Polynomial model (third-order polynomial)
Ut)=a+b-t+c-2+d- 3)
Where coefficients a, b, c, d are determined by fitting to the data.

3. Exponential saturation

U(t) = Upax - (1 —€7") 4

where n is the scaling exponent.
A statistical assessment of the suitability of the fitted data is performed and determined in terms of root mean square error (RMSE)
and the coefficient of determination (R%).

3.2. Material characterisation tests

Test specimens were subsequently machined following the specifications of the ASTM D3039 for tensile tests of unidirectional
composites oriented at 0° or 90° (250 x 15 x 1.5 mm® and 175 x 25 x 1.5 mm?3, respectively), the ASTM D6641 for compression tests
of unidirectional composites oriented at 0° or 90° (140 x 12.7 x 2.3 mm? for both), and the ASTM D7078 for in-plane shear tests with
double-notched specimens (76 x 56 x 4 mm®>) [33]. For the tensile and compression samples, glass fibre-reinforced epoxy tabs were
adhesively bonded to their ends, as recommended by the respective standards, using the 3M™ Scotch-Weld™ epoxy adhesive DP460N.
All the specimens were CNC-machined after the tabs were applied to ensure proper alignment.

The mechanical characterisation of the flat composites was carried out using an Instron Universal Electromechanical machine,
model 3382, with a 100 kN load cell. The test speeds used were those recommended by the respective standards for each test, except for
the compression tests, which were conducted at 0.8 mm/min for the 0° samples and 1 mm/min for the 90° samples to meet the re-
quirements of the corresponding standard related to the test duration. Mechanical extensometers were used to obtain longitudinal and
transverse strains in tension to calculate elastic constants. For the V-Notched test, a strain gauge rosette, model KFG-5-120-D17-11
from KYOWA, aligned at +45°, was placed on the midsection of the sample.
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3.3. Fracture toughness tests

The cutting procedure for these samples was carried out using the same CNC machine previously mentioned, with samples having
dimensions of 25 x 150 x 4 mm? for Mode-I interlaminar fracture toughness and 20 x 180 x 4 mm? for Mode-II samples, as specified
by the corresponding standards, which are ASTM D5528 and ASTM D7905 for modes I and II, respectively.

3.3.1. Mode-I fracture tests

The Mode-I interlaminar fracture toughness test is based on the application of a longitudinal load normal to the crack plane,
promoting a purely Mode-I fracture in the semi-beam. The crack length, a, is monitored and correlated with the load (P) and longi-
tudinal displacement (5) during the test duration. For the proper load application, the loading block concept was used, using small
aluminium blocks with dimensions of 30 x 30 x 25 mm® and a central hole of 13 mm diameter on the square face. For bonding the
blocks to the specimens, the same DP460N structural adhesive from 3M™ was used, applying a thin film with a brush to ensure
uniform distribution and thickness. In addition, the side of the samples was painted white to enhance the accurate visual observation of
the crack tip. After painting, markings were placed every 1 mm for the first 5 mm (after the end of the PTFE film) and every 5 mm for
the rest of the sample,

The tests were conducted on the same Instron Universal Electromechanical machine at a speed of 1.5 mm/min. The crack pro-
gression was monitored using a travelling digital microscope. The Modified Beam Theory (MBT) was adopted for the calculations [39],
as follows

3P5
Gie = 2b(a + |A]) ®)
where b is the width of the specimen, while a is the crack length. Since it is necessary to account for the rotation of the sample during
the procedure, the crack length is corrected by the rotation correction factor A that can be obtained by plotting the compliance C =
§/P, and the crack length. Thus, A is determined by the intersection of the regression line of the graph with the horizontal axis.
Another correction suggested by the ASTM D5528 standard, when using metal blocks to apply the load, is defined by the parameter
F. This parameter accounts for the longitudinal distance from the load application point to the midpoint of the semi-beam thickness,
expressed by:

3

where t is the distance between the centre of the loading block and the thickness neutral plane of the sample. The parameter F is then
multiplied by the value of Gy, generating a new energy value with all corrections applied. For the determination of the critical energy
release rate, the VIS point technique is applied, which is justified by the presence of a comparably less ductile matrix system of the
composite material of interest, as seen in [34] as well.

3.3.2. Mode-II fracture tests

The Mode II interlaminar fracture toughness test uses a 3-point bending fixture with a span of 100 mm, where the specimen
containing the release film is loaded to induce a purely Mode II fracture in the mid-plane of the laminate. The standard provides three
different methods for determining fracture energies, two of which were used in this study. The first method is known as non-pre-
cracked toughness (NPC), where the test does not feature an actual crack, but rather a crack-inducing insert. The second method is
pre-cracked toughness (PC), in which the test is performed on a specimen that has already experienced a fracture. Typically, PC tests
are conducted on samples that have already undergone NPC testing.

As with the previous tests, white paint was applied to each side of the specimen using a white automotive spray to introduce a
thinner layer of paint to make the crack progression visible. The standard recommends making four different marks: one indicating the
end of the PTFE film and the other three at distances that serve as reference points for the load cycles necessary to perform the test
according to the CC method outlined in the standard. The equation used to calculate energy based on the CC method is expressed as:

3mP2 a2
Gq = —a5 7
where Ppygy is the maximum load supported by the specimen at the moment of crack progression, ao is the crack length at the time of
fracture (typically 30 mm), B is the width of the specimen, and m is the coefficient obtained from compliance calibration. The subscript
Q in Gq indicates that certain loading conditions must be met for the energy values to be representative, meaning that Go = G, as
described next.

The CC method uses experimental compliance data from the specimen at different crack lengths (a;) through the linear regression of
the curve plotting compliance against the cube of crack length (C x @®). To obtain a trend line, at least three different compliance
coefficients of the structure are required, obtained from the crack lengths defined by the markings. Consequently, the flexibility pa-
rameters were obtained through three static flexural test cycles at a speed of 0.5 mm/min for crack lengths (a;) of 20 mm and 40 mm,
where the specimen was loaded up to a load P; and then unloaded at the same speed. The loading cycle for the specimen with a crack
length of 30 mm is called the “fracture test”, where the specimen is loaded until crack progression occurs. The maximum load in the
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first two cycles (P;) can either be inferred analytically by

2B
b= 3q \/ GiEish? ®

where Ey is the longitudinal flexural modulus and h is half the thickness of the laminate. If P; is inferred experimentally, the maximum
load Py during the test must satisfy the G, conditions introduced earlier, in which

©)]

where 15 < %G, < 35. Here, j = 1 corresponds to parameters with a = 20 mm and j = 2 with a = 40 mm. If any value of %G, falls
within the above parameters, it is possible, through a fracture test (ap = 30 mm), to determine Pp.x and isolate Pj for j = 1,2. In this
work, P; was initially defined analytically using parameters obtained from material characterisation and literature data and was later
adjusted with the results from the first sample of each family. With the loads P; defined and the flexural tests conducted for the three
crack lengths, the compliance against the cube of the crack length graph can then be plotted to obtain the trend line, defined as

C=A+mad® (10)
where m and A are parameters used in Equation (11) to infer the crack propagation distance in the fracture tests to be used in the PC
tests, which are discussed next.

The PC tests, if performed on the same samples as the NPC tests, require the compliance data from the specimen obtained in the last
unloading cycle (C,), immediately after crack progression. At this stage, the calculated crack length is estimated using Equation (11)
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Fig. 2. The partitioned cohesive layer according to the variations in fracture energy release rate.
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C.—A\"?
Aeale = ( m > (11)

This measurement is made from the crack tip to the marking of ay = 30 mm. The remaining parameters A and m are obtained from
the linear regression of the compliance graph, represented by Equation (11). In addition to analytically inferring the final crack length
after progression, this parameter is also observed visually (a,;) with the aid of a digital microscope. If the visual crack length a; is
greater than a.q,, or if the crack tip passes the central loading point of the 3-point bending test, this length is used as the crack size, and
new markings are made from this point to calibrate the compliance for the PC test. The entire process is then repeated to obtain the
energies.

4. Finite element modelling

Finite element (FE) analysis was executed on the powerful Abaqus FE platform, unlocking unparalleled capabilities in defining
fracture phenomena in composite materials. By leveraging a cohesive zone model (CZM), the fracture behaviour in both DCB and ENF
experiments was captured with remarkable precision.

A robust 3D solid element model was employed, where composite layers were meshed with C3D8R elements and the cohesive
regions with COH3D8 elements. To maximise simulation efficiency, the mesh was strategically refined in zones expecting crack
propagation and coarsened elsewhere. Six finite elements through the composite thickness ensured depth accuracy, while a single
cohesive element sufficed for the fracture zone.

An accurate representation of the mechanical behaviour hinged on meticulous material property assignment. Composite param-
eters were defined as engineering constants based on comprehensive experimental data carried out in this work. For the cohesive
zones, the process began by setting the elastic properties in Abaqus under “Traction” by specifying longitudinal elastic modulus (E;)
and shear moduli (G; and G»), with the transverse elastic modulus (E.) selected to address tension perpendicular to the fibre direction.
The next step integrated the bilinear traction-separation law parameters. The transverse tensile strength (X,r) served as the maximum
stress initiating delamination, while in-plane shear stresses (Si2) determined the nominal shear limits. The fracture energy then
completed the traction-separation law framework. The numerical models for both the DCB and ENF tests are shown in Fig. 2. The
boundary conditions (BCs) for the DCB model include two key components. First, a pinned support is applied to a reference point
coupled with the lower layer of the specimen, representing the actual bonding surface between the composite and the glued aluminium
block in the experimental setup. Second, a displacement-controlled reference point is coupled with the upper layer, simulating the
movement of the second aluminium block. The numerical model takes advantage of the geometric symmetry of the test specimens;
therefore, only half of the setup was modelled along the fibre-direction symmetry plane for both DCB and ENF simulations.

Capturing the R-curve effect, that is, the dynamic relationship between fracture energy and crack length, was critical, particularly
in the DCB test. The cohesive zone model implemented in this study incorporates the R-curve effect by spatially varying the fracture
energy, following the methodology developed in our previous work [35]. This approach enables the finite element model to more
realistically represent the increase in fracture resistance during crack propagation, in contrast to conventional models assuming a
constant fracture energy. To reflect this behaviour, the fracture process zone was partitioned into sub-sections, each assigned a specific
fracture energy release rate (see Fig. 2 and Fig. 8). Hygrothermal ageing effects were incorporated by adjusting these locally defined
energy release rates according to experimental measurements under different environmental conditions. Thus, the partitioned ge-
ometry not only captures the R-curve behaviour but also allows the integration of environmental degradation effects into the FE model.

0.20; — Sigmoidal
Polynomial )
— Exponential saturation
@0.15 ¢ 23 °C datapoints
i-; # 70 °C datapoints
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=
2005
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=
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Fig. 3. Moisture absorption for samples under (a) room and (b) hot temperatures: experimental datapoints and fitting models. Graphs with different
Y-axis limits for better visualisation.
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5. Results
5.1. Moisture absorption

Fig. 3(a-b) presents the experimental datapoints fitted with sigmoidal, polynomial and exponential saturation models. A significant
difference in moisture absorption was observed for the samples aged at room temperature and 70 °C. At 23 °C, moisture absorption is
slower and gradually reaches equilibrium. At 70 °C, faster diffusion is driven by increased molecular mobility, but lower equilibrium
moisture results from reduced water-polymer interactions and solubility at higher temperatures. These effects highlight the complex
interplay of thermal, chemical, and physical factors in the moisture absorption behaviour for these CFRP composites.

In addition to the experimental data, three models were used to fit them, and the initial guesses are presented below, while the
optimum parameters are presented in Table:

— Sigmoidal model: Upg,=2.0; k=0.1, t,=10.
— Polynomial model: initial guesses derived from data trends.
— Exponential saturation model: Upg,=2.0; k=0.01, n=1.

The optimum fitting parameters of every model are presented in Table 1, while Table 2 shows the statistical metrics of every model.
Overall, at 23 °C, the exponential saturation model delivers a slightly superior fit compared to the other models. Its ability to capture
gradual equilibrium behaviours aligns well with the data at this temperature. At 70 °C, the polynomial model emerges as the best
performer, although the differences between models are minimal, highlighting the robustness of all approaches. Generally, the
sigmoidal model is well-suited for datasets exhibiting inflection points and saturation behaviours. While slightly less flexible than other
models, it consistently provides reliable fits across temperatures. The polynomial model stands out for its adaptability and precision,
particularly at higher temperatures. However, it lacks the physical interpretability inherent to sigmoidal or exponential models. The
exponential saturation model strikes a balance between accuracy and physical realism, making it ideal for scenarios where diffusion-
like behaviours dominate.

In case one of the models needs to be selected by application, the exponential saturation model is used for applications requiring
physics-based interpretation, such as diffusion and equilibrium modelling. On the other hand, the polynomial model is recommended
when the goal is to capture trends with maximum flexibility, especially for higher-temperature conditions where trends approach
linearity. Overall, in case a unified model needs to be suggested for such applications across temperatures, the sigmoidal model is a
robust and versatile option, providing consistent performance while accommodating inflection and saturation behaviours.

5.2. Elastic and strength properties

Regarding the static tests, for tensile loading at 90°, the samples predominantly exhibited lateral failure, while longitudinal (0°)
samples displayed a more explosive fracture, characterised by cracks dispersed across various regions of the specimen. Both failure
patterns align with the acceptable criteria outlined in ASTM D3039. In the case of compression loading (CLC tests), failure occurred
following the formation of kink bands and lateral matrix cracks. Lastly, the in-plane shear tests revealed failure initiating with lon-
gitudinal cracks in the V-notched region, progressing to pronounced in-plane shear cracks concentrated in the central portion of the
sample.

The tensile tests provided insightful load-displacement curves, as shown in Fig. 4(a-b), for specimens oriented with fibres at 0° and
90°, respectively. As anticipated, the 0° orientation exhibited superior tensile performance, characterised by an initial linear response
followed by abrupt load drops, likely due to localised failures occurring at varying load levels. Conversely, the 90° orientation
demonstrated a nearly linear response with markedly lower strength and displacement at failure. Specifically, the tensile strength for
the 0° samples X;; was measured at 1374 + 70 MPa, while the 90° samples X, showed a much lower strength of 43.4 + 1.3 MPa.

To determine the elastic moduli, the stress—strain curves were analysed, as illustrated in Fig. 5(a-b). A strain range of 0.1% to 0.3%,
where all curves exhibit linear behaviour, was used for modulus calculation. The analysis revealed a tensile modulus of 139.8 4 10.9
GPa for the 0° samples and 7.1 + 0.3 GPa for the 90° samples. These findings underscore the pronounced anisotropy in the mechanical
properties of the material.

As anticipated, the compression tests yielded highly repeatable results. The corresponding compressive load-displacement curves
for the two sample categories are presented in Fig. 6(a-b). The 90° samples exhibit pronounced non-linearity and variability in peak

Table 1

Optimum parameters used in each model.
Model Umax/a k/b to/c/n d
Sigmoidal (23 °C) 2.137 0.206 14.377 -
Sigmoidal (70 °C) 0.182 0.170 19.099 -
Polynomial (23 °C) —0.083 0.046 0.004 —9.76E-05
Polynomial (70 °C) 0.005 —0.001 0.000 —7.13E-06
Exponential saturation (23 °C) 2.233 0.005 1.851 —
Exponential saturation (70 °C) 0.220 0.002 1.867 -
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Table 2

Statistical metrics on the R? and root mean square error for each fitting model compared to
experimental datapoints.

Model R? RMSE
Sigmoidal (23 °C) 0.994 0.052
Sigmoidal (70 °C) 0.997 0.003
Polynomial (23 °C) 0.996 0.046
Polynomial (70 °C) 0.998 0.002
Exponential saturation (23 °C) 0.997 0.040
Exponential saturation (70 °C) 0.997 0.002
35 - T0°1 2.0 4 =T 90° 1
T 0° 2
28 =T 0° 3 :
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Fig. 4. Load-displacement curves for tensile samples with fibres at (a) 0° and (b) 90°.
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Fig. 5. Stress-strain curves for tensile samples with fibres at (a) 0° and (b) 90°.

loads. In contrast, the 0° (longitudinal) samples demonstrate a highly linear response with more consistent peak load variations.
The in-plane shear load-displacement curves, illustrated in Fig. 7(a), display an initial linear region at low displacement levels,
transitioning into a nonlinear regime characterised by two distinct load drops at varying load levels. These drops are attributed to the
formation of localised cracks lateral to the load line near the notched regions, aligning with observations from previous studies
[38,39]. It is important to note that shear strength is not assessed beyond these drops, as further loading results in the complete rupture

of the samples. As depicted in Fig. 7(b), all samples failed at deformations below 5%, adhering to the standard limit for test
termination.

5.3. Fracture results

5.3.1. Mode-I fracture toughness

The load-displacement curves for all samples — non-aged (NA) and aged at 23 °C and 70 °C — are presented in Fig. 8(a-c),
showcasing the second phase of the test as detailed in Section 3.3. Every plot displays the results of five validated samples. The curves
exhibit a quasi-linear region, culminating in a peak that signifies crack initiation and determines the load used to calculate the critical
energy release rate. Beyond this peak, the curves transition to a non-linear regime corresponding to crack propagation. Notably, most
samples demonstrate smooth crack propagation, devoid of abrupt load drops that would indicate unstable fracture behaviour.
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Fig. 7. (a) Load-displacement and (b) stress—strain curves for the samples under shear loading.

However, the curves of samples aged at 70 °C reveal a markedly different morphology, characterised by a near-linear load decline,
contrasting with the non-aged samples. This trend is mirrored in the G; values, highlighting the influence of thermal ageing on fracture
behaviour.

The R-curves presented in Fig. 9(a-c) illustrate the evolution of the critical energy release rate as a function of crack length for non-
aged, aged at 23 °C, and aged at 70 °C, respectively. These curves provide valuable insights into the fracture toughness and crack
propagation behaviour under different thermal ageing scenarios.

The non-aged samples exhibit a gradual increase in G; with crack length, which is indicative of stable crack propagation. The curves
display minimal scatter, demonstrating the consistency of fracture toughness in the absence of thermal ageing. This behaviour is
characteristic of the baseline performance, with the quasi-linear increase in Gy, suggesting effective energy dissipation mechanisms and
robust resistance to crack propagation. Overall, these R-curves have a slightly rising shape.

For the samples aged at 23 °C, the R-curves maintain a similar overall trend to the non-aged samples, with G; increasing steadily
with crack growth. However, the G; values are slightly reduced across the crack length, highlighting a subtle decline in fracture
toughness due to low-temperature ageing. This reduction could be attributed to minor matrix relaxation or interfacial degradation,
which may occur even in moderate ageing conditions. Despite this, the ageing at 23 °C does not significantly alter the crack propa-
gation characteristics, as the curves remain smooth and stable. In general, these R-curves have a flat shape.

The samples aged at 70 °C exhibit the most pronounced increase in Gj, with a rising R-curve shape that indicates significantly
enhanced fracture toughness as crack propagation progresses. This behaviour suggests that ageing at higher temperatures has a
toughening effect on the material due to a combined effect of matrix plasticisation and significant fibre bridging (discussed in detail in
Section 5). The rising shape of the R-curves reflects the ability of the material to sustain higher energy release rates during crack
propagation, pointing to increased resistance against fracture. Furthermore, the consistent upward trend across the samples indicates
robust and stable crack propagation even under the influence of thermal ageing.

The critical energy release rate (Gjc) values (Table 3) demonstrate a clear trend influenced by ageing conditions. For non-aged
samples, the average Gy value is 377.7 + 59.9 J/m? while samples aged at 23 °C exhibit a slight reduction to 333.8 + 22.7 J/
m?2. This decrease indicates minor degradation in fracture toughness under ambient ageing conditions, potentially due to moisture
absorption or subtle matrix changes over time. Conversely, samples aged at 70 °C show a substantial increase in G¢ to 622.5 + 54.3 J/

m?, suggesting that the elevated temperature may enhance crack resistance. This improvement could be attributed to the thermal post-
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Fig. 8. Load-displacement curves for DCB samples under (a) non-aged, (b) aged at 23 °C, and (c) aged at 70 °C conditions. Each plot displays five
replicates and the numerical prediction.

curing of the epoxy matrix, which can increase cross-link density and improve the interfacial adhesion between fibres and the matrix.
However, the higher standard deviation for samples aged at 70 °C compared to non-aged and 23 °C-aged samples highlights the
variability in the thermal ageing process, which may stem from heterogeneous heat diffusion or differences in initial manufacturing
quality. While prolonged exposure to elevated temperatures can improve toughness through post-curing, it also introduces variability
that could compromise reliability. Further interpretation of the phenomenon behind this gain in G;¢ will be carried out by analysing
images during DCB tests.

The load—-displacement curves obtained from numerical modelling are presented along with the experimental ones in Fig. 8. The
numerical results reflect effectively the tests in each of the configurations (unaged and aged at two temperatures). Thanks to the
R-curve effect incorporation into the FE model, a gradual decrease in the force is observed, as it happens in the specimens tested
experimentally. Exemplary results of the numerical analyses are presented in Fig. 10.
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Fig. 9. R-curves for DCB samples (a) non-aged, (b) aged at 23 °C, and (c) 70 °C. Each plot displays five tested samples.

Table 3

Compilation of the elastic and strength constants for unaged samples.
Property Value
Longitudinal elastic modulus E1(GPa) 139.8 +£10.9
Transverse elastic modulus E,>(GPa) 7.1 +0.3
In-plane shear modulus G12(GPa) 43+0.3
Major Poisson’s ratio V12 0.30 + 0.02
Longitudinal tensile strength X1.(MPa) 1374.0 + 70.0
Transverse tensile strength Xy (MPa) 43.4+£1.3
Longitudinal compressive strength Y1.(MPa) 762.6 + 32.5
Transverse compressive strength Y1.(MPa) 133.4 + 8.9
In-plane shear strength S12(MPa) 85.6 + 3.9
Mode-I longitudinal fracture toughness Gic(J/m?) 377.7 £ 59.9
Mode-II longitudinal fracture toughness Guc(J/m?) 1320.5 + 61.0
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Fig. 10. FE simulation of the DCB test at two displacement stages: top corresponds to a displacement of 7.5 mm, and bottom to 21 mm. The plots
show the stress distribution along the fibre direction (S11), highlighting the evolution of the delamination front and the stress redistribution during
crack propagation under Mode I loading.

5.3.2. Mode-II fracture toughness

Fig. 11(a-c) presents the load-displacement curves obtained from tests for non-aged (NA) samples and samples aged at 23 °C and
70 °C, respectively. All tested specimens exhibit an initial linear region, corresponding to the elastic response, followed by a non-linear
region leading to a peak load, which marks the onset of interlaminar crack propagation. Post-peak load, a gradual reduction in load
indicates the progression of delamination under Mode-II loading.

The non-aged samples (Fig. 11(a)) demonstrate the highest peak loads, with minimal variability among replicates, indicating
consistent interlaminar shear strength and toughness. The mechanical performance of these samples confirms that the material, in its
pristine state, retains a high resistance to crack initiation and propagation.

Ageing under both 23 °C and 70 °C significantly impacts the interlaminar behaviour:

e 23 °C ageing: The peak loads for samples aged at 23 °C are noticeably reduced compared to the non-aged condition, suggesting
environmental exposure causes degradation of interlaminar properties. This could result from minor moisture absorption or
relaxation effects at the fibre/matrix interface, weakening the bonding and reducing shear resistance.

e 70 °C Ageing: These samples exhibit the lowest peak loads and a significant reduction in displacement at failure. This behaviour
indicates severe degradation, likely due to the combined effects of thermal exposure and potential moisture absorption. High-
temperature ageing may induce matrix softening, residual stresses, or fibre/matrix debonding, leading to diminished mechani-
cal performance.

The observed reductions in peak load and displacement at failure with ageing highlight the material sensitivity to environmental
conditions. Ageing at elevated temperatures (70 °C) leads to the most significant degradation, with reductions in both load-bearing
capacity and interlaminar toughness. The consistent trends across replicates confirm the reliability of the observed behaviour.

The unconditioned samples exhibit a mean Gy of 1320.5 + 61.0 J/ mz, establishing the baseline fracture toughness of the material
in its pristine state. The low standard deviation suggests uniform interlaminar fracture behaviour among the specimens, indicative of a
consistent manufacturing process and material quality. Samples conditioned at 23 °C display a mean Gy of 1322.6 + 154.7 J/m?,
which is statistically comparable to the unconditioned samples within the observed variability. The higher standard deviation
observed for the 23 °C samples suggests the presence of minor microstructural variations, potentially introduced by moisture ab-
sorption or relaxation effects at the fibre/matrix interface. However, the overall Mode-II fracture toughness remains statistically
unaffected by ageing at this temperature.

A significant decrease in Gy is observed for samples aged at 70 °C, with a mean value of 1081.8 - 132.9 J/m?, corresponding to an
approximate reduction of 18% compared to the unconditioned samples. The elevated standard deviation suggests that thermal
exposure at 70 °C introduces microstructural heterogeneities, such as fibre/matrix interface degradation, thermal-induced residual
stresses, or microcrack formation within the epoxy matrix. This behaviour is also likely due to the softening of the epoxy matrix and
degradation at the fibre/matrix interface.

It is important to note that R-curves are not typically constructed for ENF tests. This configuration is designed to provide a single-
point evaluation of the Mode II critical energy release rate, Gy, based on the onset of crack propagation. Unlike DCB tests, the ENF
method does not support stable crack growth, which is a prerequisite for generating a valid resistance curve. Therefore, in this study,
Gyc was determined using a point-wise approach following the procedure provided in the ASTM D7905 standard.

The numerical simulations are presented alongside the experimental data in Fig. 11, demonstrating a strong correlation with the
tested specimens. The FE results accurately capture the elastic response, closely mirroring the experimental curves while also effec-
tively predicting the onset and progression of damage. Notably, the model successfully replicates the material degradation observed in
the tests. Exemplary FEA results, highlighting the crack propagation and stress distribution, are showcased in Fig. 12. The delami-
nation process was almost perfectly reflected in the simulation, and the front of the crack could be observed, as shown in Fig. 12 (a).
Additionally, the stress distribution along the fibre direction (S11) is shown in Fig. 12 (b), reflecting the typical bending compressed
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Fig. 11. Load-displacement curves for ENF samples under (a) non-aged, (b) aged at 23 °C, and (c) aged at 70 °C conditions. Each plot displays five
samples and the numerical prediction.

(top surfaces, indicated in blue colour) and stretched (bottom surfaces, indicated in red colour) areas of the specimen.

6. Discussion

Table 3 compiles the elastic and strength constants calculated from the quasi-static tensile, compressive, and in-plane shear tests
presented in Section 4.2. These results are extremely useful as they provide the full set of input constants required for FE simulations of
composite materials. The elastic and strength allowables presented in Table 3 are used as input in the FE models of this work, in which
the composite laminate was treated as a transversely isotropic material, which is a suitable assumption for unidirectional fibre-
reinforced composites exhibiting in-plane isotropy. This assumption reduces the number of independent elastic constants required
to define the constitutive behaviour, as E; = E3, Gi2 = G13 and v12 = v13. This approach ensures a realistic yet computationally
efficient representation of the laminate behaviour while avoiding the need for a fully orthotropic material definition.
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— Separated layers

Fig. 12. The ENF numerical model: Representative results illustrating the crack front progression during (a) delamination and (b)stress distribution
across the separated layers.

Now, analysing the failure mechanisms of the samples used to characterise interlaminar fracture toughness under Mode I and II
loading is essential, as clear and distinct differences emerge between samples aged at 23 °C and 70 °C.

The variation in Mode I crack opening can be observed in Fig. 13, which compares the behaviour of composite DCB samples
subjected to hygrothermal ageing at 25 °C (a) and 70 °C (b). The most notable distinction lies in the presence of pronounced fibre
bridging, which, as depicted in the figure, is significantly more intense in the sample exposed to moisture at elevated temperatures.

Fibre bridging in unidirectional (UD) composites is often rooted in the nesting phenomenon [36]. This occurs during the curing
process when pressure is applied to the composite structure, causing fibres to interlock between adjacent layers. Additionally, the
fibre/matrix interface plays a pivotal role in the development of fibre bridging, particularly in longitudinal (0°) UD plies. Potential
interface debonding may facilitate the partial detachment of fibre bundles, which then become distributed between the two halves of
the composite laminate. This behaviour aligns with findings from Sakai et al. [37] and Crews et al. [38].

In a similar context, Khan et al. [39] observed the fibre-bridging effect during the introduction of a fatigue crack, concluding that,
despite the fibres connecting the two halves of the component, the crack plane remained unchanged. Generally, fibre bridging tends to
enhance the energy release rate in both Mode I and Mode II crack openings, particularly during crack propagation, as noted by
Shokrieh et al. [40]. Under static loading, the increased yielding in the region beyond the crack tip, which extends across multiple
layers, may cause the crack tip to migrate to an adjacent layer, as reported in [41]. This reorientation of the crack front results in
greater energy dissipation. Zimmermann and Wang [42] highlighted that multiple failure modes can coexist in Mode I crack opening,
potentially affecting the test results and the purity of the data obtained.

In the present study, the unidirectional (UD) composite samples exhibited crack plane deviation, as illustrated in Fig. 14. Here, the
crack briefly deviated from its initial plane, propagated through an adjacent layer, and subsequently realigned with the original plane
after a short distance.

In addition to the two phenomena discussed, the combined effects of temperature and moisture exposure emerge as critical factors
influencing the fracture toughness of composite laminates. Environmental conditions are widely recognised as pivotal in affecting
fracture toughness, whether in flat laminates [41,42] or curved composite samples [27]. Pollet et al. [29] specifically noted that ageing
in high-temperature environments increases the susceptibility of samples to delamination by degrading the fibre/matrix interface,
which in turn reduces energy release values.

The interplay of these mechanisms shapes the morphology of the R-curves presented in Section 4.3.1. Notably, the energy release
rates associated with crack initiation are consistently lower than those of crack propagation. This trend is partly attributed to fibre
bridging, a characteristic feature of 0° UD composite structures, which contributes to elevated energy release rate values during crack
propagation across all scenarios. However, water exposure intensifies fibre/matrix debonding, making fibre bridging more pro-
nounced in the 70 °C specimens.

Additionally, variations in matrix quality must be considered, as crack plane deviations were observed at specific distances from the

Fig. 13. Moments capturing the initiation of a Mode-I crack opening in DCB samples conditioned under humidity at (a) 23 °C and (b) 70 °C.
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Fig. 14. Crack path deviation and plane migration in a UD composite sample subjected to 70 °C moisture under mode I crack opening.

initial crack length. Moisture absorption weakens the ply-ply interface, leading to reduced G; and Gy values. Consequently, samples
exposed to lower humidity levels at 23 °C demonstrated higher fracture toughness compared to those subjected to elevated temper-
atures. This highlights the critical role of environmental factors in determining the mechanical performance of composite laminates.

Scanning electron microscopy (SEM) images were taken to further understand the consequences of ageing. To analyse them on a
fair and equal basis, the images were analysed through the Python Imaging Library (PIL package), which has powerful image pro-
cessing capabilities. In this way, there is no room for interpretation when it comes to differences in failure mechanisms in the images.
Representative images of the non-aged and aged at 70°C of the DCB samples are presented in Fig. 15.

By interpreting these images, the following observations can be made:

1. Matrix cracking:

Microcracks in the matrix: The fracture surface appears to show signs of matrix cracking, especially along the resin-rich areas,
which is typical for non-aged composite materials. These cracks propagate along the matrix without significant fibre involvement.
Interlaminar cracking: This can be seen as cracks running parallel to the fibre direction, indicating that the bonding between the
matrix and fibres or the interface between layers is weak under stress.

2. Fibre pull-out:

Unbroken fibre ends: In some regions, fibres are pulled out from the matrix, leaving behind traces of resin on their surfaces. This
indicates that the fibres are not fully bonded with the matrix, which allows them to be extracted during crack propagation,
characteristic of a ductile matrix failure.

Pull-out lengths: The fibres that are pulled out show varying lengths, suggesting that the crack propagated through the matrix
without significant fibre bridging. This is typical of the failure mode in non-aged composites where fibres do not play an active role
in delaying crack growth.

3. Fibre breakage:

Fibre fracture: Some fibres appear to have broken during the fracture process. This indicates that, in addition to matrix failure, there
is some degree of failure in the fibres themselves. This can happen under high loads or localised stress concentrations.

4. Debonding at fibre-matrix interface:

Interface failure: The fibre-matrix interface may be seen to separate in some regions, indicating debonding. This is a typical failure
mode in composites, especially when the interface strength is lower than that of the fibre or matrix.

The annotated SEM image of the aged DCB sample shows the following fracture features:

Matrix cracking: Areas where cracks in the matrix are prominent, indicating damage propagation primarily through the matrix.
Fibre pull-out: Regions where fibres have been pulled out of the matrix, suggesting weakened fibre-matrix bonding due to ageing.
Fibre bridging: Indications of fibres spanning across the fracture surface, resisting crack propagation, a feature unique to the aged
sample.

Fibre-Matrix debonding: Locations showing separation between fibres and the matrix, a characteristic of interface degradation due
to ageing.

As illustrated in the figure, the two representative samples exhibit common failure mechanisms, including fibre/matrix debonding,
matrix cracking, and fibre pull-out. However, in the aged sample, the dominant failures are predominantly associated with fibre pull-
out, likely a consequence of more pronounced fibre/matrix debonding compared to the non-aged counterpart, alongside fibre bridging.
Notably, this latter feature aligns closely with the macroscopic observations recorded during testing.

The effect of hygrothermal ageing on mode II fracture behaviour of carbon/epoxy composites is evidenced in the SEM micrographs
in Fig. 16. The non-aged sample demonstrates classical features of shear-driven failure, with fibre pull-out and well-defined matrix
shear hackles, which indicate effective interfacial bonding and a relatively brittle fracture. These features are typically associated with
higher interlaminar fracture toughness. Conversely, the aged sample subjected to 70 °C exhibits significant morphological changes,
including widespread matrix smearing, debris formation, and some fibre-matrix debonding. These are evidence of matrix
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Fig. 15. SEM images of fractured DCB samples taken 10 mm after the crack tip for (left) non-aged and (right) aged at 70 °C.
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Fig. 16. SEM micrographs of fracture surfaces from mode II interlaminar fracture toughness (ENF) tests on carbon/epoxy composites: (left) non-
aged and (right) aged at 70 °C.

plasticisation and hydrolytic degradation processes induced by prolonged exposure to high temperature and moisture. The rougher
fracture surface and apparent reduction in interfacial adhesion in the aged samples are consistent with the observed reduction in mode
II fracture toughness, as the crack propagation occurs more easily through the weakened matrix—fibre interface.

Overall, the non-aged composite was able to resist crack propagation more effectively. On the other hand, the 70 °C aged composite
experienced degradation of the matrix and of the fibre-matrix interface, resulting in reduced mode II fracture toughness (Gyc) due to a
lower resistance to shear crack propagation.

7. Conclusions

This study investigated the effects of hygrothermal ageing on the fracture behaviour of filament-wound carbon/epoxy composites,
focusing on Mode I and Mode II mechanisms through DCB and ENF tests. Mechanical characterisation under tension, compression, and
shear provided a comprehensive understanding of the material response, useful for further computational modelling of composite
structures made of this material system.

Results revealed a contrasting influence of ageing. While room-temperature exposure had minimal impact on Mode I behaviour,
ageing at 70 °C significantly enhanced Mode I fracture toughness due to fibre bridging, as confirmed by real-time observations and
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post-mortem SEM analysis. Conversely, Mode II toughness deteriorated under the same conditions due to severe matrix cracking and
fibre/matrix debonding, highlighting a trade-off between improved fibre bridging and matrix degradation.

Finite element simulations showed excellent agreement with experimental data, particularly when incorporating the R-curve effect
in DCB analysis, accurately capturing crack initiation and propagation. These findings offer valuable insights into the durability of

filament-wound composites under hygrothermal conditions and pave the way for future research on multi-environmental ageing and
micromechanical degradation mechanisms.
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