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ARTICLE INFO ABSTRACT

Keywords: Given the long-term use of carbon fibre reinforced polymers (CFRP) in harsh environments, this study in-

CFRP/Epoxy vestigates the isolated and combined effects of temperature and moisture variations on mode I fatigue delami-

E“‘f’mnmemal effects nation propagation. Several levels of temperature and relative humidity were applied as preconditioning and as
atigue

in-service during fatigue testing to evaluate their effects on the Paris curve. In addition, statistical analyses,
including analysis of variance (ANOVA), semi-empirical interpolation modelling, and fractographic assessments,
were conducted to provide a comprehensive understanding of the failure mechanisms. The results indicate that
the moisture absorbed during hygrothermal preconditioning and the in-service temperature applied during fa-
tigue test individually affect the Paris curve slope. These factors interact synergistically, significantly altering the
fatigue crack growth rate. An empirical model capturing this interaction showed good agreement with experi-
mental data, enabling reliable prediction of environmental degradation trends. Fractographic evidence supported
the observed changes in fracture patterns, linking changes in fibre bridging formation, surface roughness, and
energy dissipation to the observed shifts in fatigue behaviour.

Hygrothermal conditioning

1. Introduction

Driven by their high stiffness-to-weight ratio and superior mechan-
ical performance, carbon fibre reinforced polymers (CFRPs) have been
increasingly applied in various industrial sectors, including aerospace
[1], automotive [2], wind energy [3,4], and in the oil and gas industry
for pipeline reinforcement [5]. Their application in extreme environ-
ments, such as offshore structures, high altitude aerospace components
and renewable energy systems, highlights the growing demand for
lightweight, high performance materials capable of withstanding harsh
operating environments [3,6,7].

Despite their advantages, CFRP components are highly susceptible to
environmental degradation due to the nature of their polymer matrix
[8]. Factors such as temperature, humidity, ultraviolet (UV) radiation
and chemical ageing can significantly alter their mechanical properties
[9,10]. In particular, thermal cycling can cause microcracking and re-
sidual stresses due to differences in the coefficient of thermal expansion
(CTE) between the matrix and the fibres [11,12]. Similarly, moisture
absorption leads to plasticisation, swelling and potential hydrolytic
degradation, further compromising mechanical performance and

* Corresponding author.

durability [13,14]. As structural components are subjected to cyclic
loading in harsh operational environments, understanding the damage
evolution in combination with environmental factors—particularly
delamination growth under fatigue — becomes crucial for ensuring
long-term performance and structural integrity.

Given the inherently weak interlaminar interface in composite lam-
inates [15], the introduction of environmental effects adds an additional
layer of complexity to the failure mechanisms involved. This is because
external environmental parameters such as temperature and humidity
can alter the behaviour at both micro and meso scale, which is captured
through characterisation curves at the coupon level [16,17], thus
requiring a greater amount of testing for characterisation and/or certi-
fication. As industries continue to push the operational boundaries of
CFRP-based structures, the reliable assessment of damage initiation and
progression under fatigue loading becomes ever more important. This
issue becomes critical for ensuring structural integrity, improving fa-
tigue life prediction, and supporting the broader adoption of CFRPs in
applications exposed to environmental conditions [18-20].

Changes in the physical and thermo-mechanical properties of poly-
mer matrix composites caused by environmental conditions, such as
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temperature and moisture, pose a significant challenge to structural
integrity and design. These effects are particularly pronounced on the
fracture toughness and fatigue resistance of bonded and laminated in-
terfaces [16,17]. Consequently, several studies have proposed numerical
and semi-empirical approaches to modelling and predicting degradation
mechanisms under environmental conditions. For example, numerical
modelling (Cohesive Zone Modelling - CZM) has been employed to
predict the effect of temperature on delamination in individual modes I
and II [21,22]. In these models, temperature-dependent elastic proper-
ties were obtained from experiments, to account for the effect of tem-
perature [21]. Similarly, Landry et al. [22] applied CZM to simulate the
effects of exposure to water, hydraulic fluid, and de-icing fluid on mode
II fatigue delamination, using material properties experimentally ob-
tained for each conditioning scenario.

Charalambous et al. [23] proposed a semi-empirical solution, where
the slope of the Paris curve (n) becomes a function of the normalised
temperature n(T) = no(T/T,)’, where ny and y are material constants
and Ty is a reference temperature. The results showed a good correlation
with the experimental curves. Furthermore, Yao et al. [24] conducted a
comprehensive investigation on the influence of temperature on mode I
fatigue delamination behaviour, employing the normalised strain en-
ergy release rate (SERR) as a similitude parameter to evaluate the
intrinsic fatigue delamination resistance. In their approach, both the
shift in the SERR (at a fixed crack growth rate, da/dN) and the variation
in the slope (n) of the intrinsic resistance curve were analysed. These
effects were quantitatively modelled through a second-order polynomial
interpolation as a function of the applied operational temperature,
yielding good agreement with the experimental data.

Regarding the hygrothermal ageing effect, Yao et al. [25] employed

n
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fatigue delamination resistance at the crack front—that is, delamination
behaviour excluding the retardation effects induced by fibre bridging.
For each equation, Gjcp is fatigue resistance excluding fibre bridging
contribution, Gyc is the fracture toughness at a given pre-crack length (a
—ap), A\/ G=(A \/ Gmax - A\/ Gmin)z, A\/ Gyjp is the SERR range around
delamination front, Gpaxtp represents the maximum SERR around
delamination front, y is the weight-parameter, da/dN is the crack grow
rate and C and n are fitting parameters. Their study provides clear evi-
dence that both Paris-type formulations can accurately describe fatigue
delamination propagation, with strong experimental validation under
various ageing conditions [17] as well as for different fibre orientations
exposed to hygrothermal environments [16].

The temperature has either an accelerating or retarding effect on
delamination behaviour and influences the underlying micro mecha-
nisms of failure, with these effects being highly dependent on exposure
time [23]. On the other hand, Ramirez et al. [26] carried out an analysis
of the hygrothermal effects (control of temperature and relative hu-
midity — RH) on fatigue delamination under mode I and mode II loading,
highlighting the role of plasticisation at the fracture surfaces, which in
turn leads to an increase in material toughness. A similar investigation
into the effects of hygrothermal ageing on Mode I fatigue delamination
was conducted using samples preconditioned in a climatic chamber
before the test [25]. The results demonstrated that temperature varia-
tions affect the glass transition temperature (Tg), which in turn signifi-
cantly affects the SERR and alters fatigue crack growth behaviour as
described by the Paris equation. However, in real-world applications,
structural components are subjected to cyclic loading while simulta-
neously experiencing in-situ hygrothermal exposure. This poses a sig-
nificant challenge, as the application of temperature without proper
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humidity control during fatigue testing can lead to moisture loss,
partially restoring the original mechanical response of the material [17].
It is therefore essential to characterise not only the isolated effects of
temperature and prior hygrothermal conditioning, but also those that
arise under in-service cyclic loading, to accurately capture the degrada-
tion induced by environmental exposure. A key question is how indi-
vidual hygrothermal parameters alter Mode I fatigue delamination,
particularly in terms of fracture toughness and crack propagation
behaviour. Furthermore, for structural components operating under
in-service environments, it is crucial to understand the combined effects
of preconditioning (ageing) and in-service temperature and relative hu-
midity (RH) on fatigue delamination.

In order to address the aforementioned research questions, this study
investigated the effect of in-service moisture and temperature condi-
tions, both individually and in combination, on mode I fatigue delami-
nation behaviour. The study focused on elucidating changes in the Paris
curve parameters. To this end, CFRP specimens were subjected to
different precondition levels (temperature and relative humidity) to
isolate and quantify their individual and combined effect of hygro-
thermal ageing on mode I fatigue delamination. In addition, a compre-
hensive analysis of failure mechanisms and their contribution to fatigue
crack growth behaviour was conducted through statistical analyses
using analysis of variance (ANOVA), semi-empirical interpolation
modelling and fractographic assessments.

2. Materials and methods

Unidirectional (UD) carbon fibre IM7 pre-impregnated with epoxy
resin 8552 from Hexcel® was used to manufacture the composite lam-
inates, consisting of 24 plies, arranged in a [0]24 stacking sequence. The
curing process was performed in an autoclave at 120 °C for 2 h, followed
by a second hold at 180 °C for 4 h, under a vacuum of 0.2 bar and a
pressure of 7 bar throughout the process.

The elastic properties of the unidirectional lamina are presented in
Table 1, based on manufacturer data and supported by relevant litera-
ture sources [27-29].

2.1. Environmental conditioning

Given the complexity of the combinations of environmental condi-
tions applied prior to or during mechanical testing, some key terms used
throughout this paper are defined for clarity and consistency:

e Pristine samples (dry): Specimens that were tested without any prior
hygrothermal preconditioning are referred to as pristine samples.
These specimens are considered as reference of minimal water con-
tent (0 wt%).

Preconditioned samples (wet): Specimens that were preconditioned
in climatic chambers under controlled temperature and relative hu-
midity prior to mechanical testing, allowing them to reach a speci-
fied level of moisture absorption (>0.00 wt%).

Hygrothermal preconditioning refers to the prior exposure of the
specimen in a climatic chamber. After specimen cutting, the samples
were placed in a Weiss Environmental Chamber 0830 at different
combinations of temperature and humidity according to the stand-
ardised procedures of ASTM D5229 [30]. The samples were weighed at
intervals of 2-5 days to assess the change in mass, which in this case
refers to the moisture absorption that changes the specimen mass over
time.

The moisture content (based on normalised mass measurement — Eq.
(1)) was measured during preconditioning until reaching the equilib-
rium moisture content (EMC), which is defined as the moisture level at
which a material no longer absorbs or desorbs water when exposed to a
constant temperature and relative humidity. At this point, the rate of
moisture absorption equals the rate of desorption, resulting in a stable
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Table 1

IM7/8552 UD lamina properties [27-29].
E1; (GPa) Eqs (GPa) G2 (GPa) Go3 (GPa) Via— V13 Vo3 TGA (°C) Density (g/m>) o1¢ (MPa)
161 11.38 5.17 3.98 0.32 0.43 340 1.56 3310

internal moisture content. This state is considered representative of the
material's long-term moisture uptake under given environmental con-
ditions and is crucial for evaluating hygrothermal effects on mechanical
properties for each level of hygrothermal conditions. The EMC is given
by the following equation:

):mf—mi

EMC(% x 100 (9]

i

where EMC is the equilibrium moisture content (in weight %), m; is the
initial mass of the sample and m is the final mass of the sample after a
certain duration of hygrothermal exposure.

Fig. 1 shows the three main levels of hygrothermal preconditioning
conducted in the climatic chamber. The curve shows the change of
normalised mass due to moisture absorption. The colour shadings
represent different levels of relative humidity set during conditioning,
while the temperature was maintained at 90 °C. Level (I) refers to
samples without any level of preconditioning in a climate chamber (dry
samples). The red-shaded region represents the period of maximum
moisture exposure (90 % relative humidity), during which the material
reached near-equilibrium saturation after 60 days. The moisture satu-
ration is confirmed by the stabilisation of mass gain in repeated mea-
surements. This plateau in moisture uptake is also consistent with values
and time reported in the literature for similar CFRP laminates [31].

This condition is defined as Level II, with an average moisture uptake
of 1.20 wt%. The blue-shaded region corresponds to Level III, where the
relative humidity was reduced to 50 %, while the temperature was
maintained at 90 °C, leading to moisture desorption. This resulted in an
average decrease in moisture uptake to 0.85 wt%. In the green-shaded
region, the relative humidity was further reduced to 30 % at 90 °C,
leading to a new conditioning stage — Level IV — characterised by an
average equilibrium moisture content of around 0.55 wt%.

After reaching the equilibrium moisture content (EMC) defined for
each conditioning level (see Fig. 1), the specimens underwent fatigue
testing in a climatic chamber integrated with a fatigue machine (see
Fig. 2). To ensure consistency, the temperature and relative humidity
during testing were matched to those used in the hygrothermal pre-
conditioning phase.

The target temperature and humidity were maintained throughout
the fatigue tests by actively controlling the environmental conditions
within the chamber, particularly for wet specimens. This preserved the
hygrothermal saturation state achieved during preconditioning during
cyclic loading. This testing approach was applied to both dry and wet
specimens. The detailed procedure for mode I fatigue delamination
testing under cyclic loading is presented in the following section.

To evaluate the isolated effects of hygrothermal conditions, the tests
were divided into groups with different combinations of temperature
and relative humidity. In-service environmental conditioning during fa-
tigue test refers to the application of controlled temperature and relative
humidity during mechanical testing using a Weiss Technik 600C cli-
matic chamber coupled to the fatigue machine. The different tempera-
ture and moisture levels are summarised in Table 2. The first five group
of tests consisted in carrying out fatigue tests on dry samples (0.00 wt%
EMC) under the same combination of in-service temperature and relative
humidity used for preconditioning samples to isolate the in-service
temperature and relative humidity effect. The purpose was to generate
the corresponding Paris curves and to evaluate the difference in terms of
hygrothermal preconditioning, versus in-service hygrothermal condi-
tioning during the test. The second group were wet conditions based on
the previously discussed moisture saturation level, in order to maintain a
similar level of water absorption during between preconditioning and in-
service exposure during fatigue loading.

Three independent replicates were performed for each environ-
mental condition under cyclic Mode I delamination testing, ensuring
repeatability and statistical reliability of the Paris curve characterisa-
tion. It should be noted that the dry specimens tested under elevated
temperature (80 °C) and variable relative humidity conditions (90, 50
and 30 % RH) were not exposed for long enough to absorb measurable
amounts of moisture. Nevertheless, these tests were necessary in order to
statistically define the lower and upper limits of the EMC range. Addi-
tionally, due to limitations of the in-situ climatic chamber integrated
with the fatigue test system, which does not permit simultaneous
application of high temperature and high humidity, specimens pre-
conditioned at 90 °C were tested at 80 °C.

20 T T T T T T T
Relative Equilibrium
1.8 4 90°C 90°C 90°C equilibrium moisture content
90% 50% 30% o Dry (0.00 wt%)
1.6 7 A ~] (I Wet(1.20 wt%)
14 n 1 (1) Wet (0.85 wt%)
—_ (1v) Wet (0.55 wt%)
1.2 .
H
e 5 (am 1
é 0.8 « s ° =
0.6 8888939290
°8o
04 @ 228g0000 0
0.2+ e
004 o@D i
T T T T T T T
0 50 100 150 200 250 300 350
Time [days]

Fig. 1. Experimental moisture absorption progression of IM7/8552 composites indicating levels of moisture saturation at various environmental conditions.
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in-service environmental conditioning

ra

in-service gl
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a
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N/ Tensies

Fatigue machine
* surrounded by
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Fig. 2. A Schematic of hygrothermal mode I fatigue testing preconditioning process and in-service environmental conditioning.

Table 2
Overview of moisture saturation levels during in-service and hygrothermal pre-
conditioning before and during fatigue test.

Hygrothermal Equilibrium Level in-service environmental
preconditioning level” moisture in conditions” (during
(climatic chamber) content Fig. 1 fatigue test)

None Dry (0.00 wt%) I —40°C

None Dry (0.00 wt%) I 22°C/50 %

None Dry (0.00 wt%) 1 80 °C/90 %

None Dry (0.00 wt%) I 80 °C/50 %

None Dry (0.00 wt%) I 80 °C/30 %

—40°C

22 °C/50 %
80 °C/90 %
80 °C/50 %
80 °C/30 %

90 °C/90 %
90 °C/90 %
90 °C/90 %
90 °C/50 %
90 °C/30 %

Wet (1.20 wt%) 1I
Wet (1.20 wt%) 1T
Wet (1.20 wt%) I
Wet (0.85 wt%)  III
Wet (0.55 wt%) v

None - refers to dry sample, not expose to hygrothermal preconditioning.
2 Level of Temperature (°C) and relative humidity (%).
b Tested for statistical purposes.

2.2. Mechanical testing

The specimens were cut using a diamond disc according to the
standardised dimensions of ASTM D5528 [32],i.e.160 x 25 x 3 rnms,
with a PTFE insert to provide an initial crack length of ap = 50 mm,
measuring from the load application point to the insert tip. Bonded
loading blocks were used to connect the specimen to the test fixture.
Mode I fatigue tests were carried out following ASTM D6115 [33] and
ASTM D5528 [34].

An MTS universal servo-hydraulic machine with a 200 N load-cell
was used to load the specimens. The tests were performed under
displacement-controlled conditions, with the maximum applied dis-
placment fixed at 95 % of the maximum opening displacement (8max)
obtained from the quasi-static DCB pre-cracking (3-5 mm) of each
condition, which can be related to 95 % of (Gi¢). As a result, the applied
load varied depending on the stiffness of each specimen and environ-
mental condition. Therefore, the maximum load was not pre-defined but
followed the imposed displacement ratio consistently across all config-
urations. The remain test parameters are frequency of 2.5 Hz, and R-
ratio of 0.1 (8yin/Omax) With a constant amplitude opening. The mea-
surement of strain energy release rate (SERR) was based on modified

compliance calibration (MCC), following Equation (2). Fatigue crack
growth behaviour was characterised using the Paris curve, denoted by

Equation (3), with AVG = (vGmax — VGumin )2 as the similitude
parameter. The experiments were carried out in triplicate, showing good
repeatability of the experimental results and ensuring a consistency in
the fitted parameters of the Paris model (Eq. (3)).

The increase in the crack length was monitored through image
acquisition every 250 cycles, and crack length measurements were
performed via post-processing using the ImageJ software.

3pP2C*° F Smax — Omin
7Bl ALt ey @
da_ C(A\/E ) 3)
N

where, Gy represents SERR (max/min), P, represents the load, C. is the
compliance § the opening displacement, A; is the slope of plot of a/h

versus ci/ 3, a is the crack length, b is the width, h is the thickness, F is a
parameter that corrects for the effects of large displacement at fracture,
while N is a parameter that accounts for large displacements and frac-
ture and for stiffening of the specimen by the load blocks. Again, da/dN
is the fatigue crack growth rate, C and n are material-dependent fitting
parameters of Paris curve.

The da/dN method was obtained by fitting the crack-length evolu-
tion to a power-law relationship of the form a = aNP. Differentiating this
fitted function with respect to the number of cycles N then yields the
fatigue crack growth rate, da/dN.

2.3. Dynamic mechanical thermal analysis (DMTA)

DMTA was performed to evaluate the effect of absorbed moisture
(during conditioning) on the viscoelastic response of the materials. The
equipment used was an RSA G2 DMA with samples with dimensions of
50 x 10x 3 mm°. Two runs were performed per sample, demonstrating
concise repeatability behaviour. The thermal scan was carried out from
—60 °C to 300 °C at a heating rate of 1.5 °C/min under N, atmosphere,
according to ASTM D4065, with a frequency of 1Hz. Liquid nitrogen was
used for cooling. Specimens were tested using a three-point flexure
fixture. The specimens tested were (i) the pristine specimens (Dry 0.00
wt%), (ii) the preconditioned specimens (Wet 1.20 wt%), and (iii) the
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wet and subsequently dried specimens with a residual EMC of 0.55 wt% 2.4. Fractography analysis
(level IV in Fig. 1).

A 3D laser scanning confocal microscope (Keyence VK-X1000,
Mechelen) was used to examine the fracture surface. The confocal
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Fig. 3. Individual effect of a) in-service low temperature, b) in-service high temperature, c¢) hygrothermal preconditioning. Combination effect of hygrothermal
preconditioning d) in-service high temperature (hot-wet), and d) in-service low temperature (low-wet).
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measurement was performed to reconstruct the fracture surface in order
to analyse the surface roughness according to Equation (4) following ISO
4287 and 4288.

1 1
Ri=7 [ bytolax @
0

where, R, is the arithmetic mean roughness, [ is sampling length, y(x) is
the surface profile as a function of position x (meaning the height of the
surface at each point x), |y(x)| is the absolute value of the surface height
relative to the mean line, and 1/1is the normalisation factor that divides
the sum of absolute height values by the total length

For additional fractographic analysis, scanning electron microscopy
(SEM) was carried out. The fracture surfaces were coated with a 15 nm
gold layer prior to SEM analysis. Representative specimens from each
environmental conditioning group were examined to assess morpho-
logical differences. SEM images were acquired at different magnifica-
tions using an acceleration voltage of 5 keV.

3. Results and discussion
3.1. Delamination curves

In this section the Paris curves of each fatigue delamination test
performed on pristine (dry) and preconditioned (wet) samples at
different in-service environmental conditions are discussed. The full
experimental data and fitting of Paris curves for each individual con-
dition are presented in Appendix A. For each condition, three indepen-
dent replicates were performed, and the resulting data exhibited strong
overlap, indicating repeatability of the Paris curve parameters within
each environmental configuration.

Some variability can be observed between the curves depending on
the level of in-service conditions. To investigate this, Fig. 3 presents an
analysis of the isolated effects by comparing each condition with the
baseline, i.e. the pristine sample (dry 0.00 wt %) tested at room condi-
tions and without prior conditioning (i.e. 22 °C 50 %RH). Specifically,
Fig. 3a presents the isolated effect of negative in-service temperature
(—40 °C); Fig. 3b the isolated effect of high in-service temperature (80
°C); Fig. 3c, the isolated effect of hygrothermal preconditioning (wet
1.20 wt %) in climatic chamber and tested at room conditions (22 °C/50
% RH); Fig. 3d represents the combination of precondition (wet 1.20 wt
%) and in-service low temperature, i.e. low-wet condition; and Fig. 3e the
combined effect of hygrothermal preconditioning (wet 1.20 wt %) and
high in-service temperature (hot-wet condition). The comparison refer-
ence curve for all cases is for dry specimens, without preconditioning,
and tested at 22 °C/50 % RH.

Starting the analysis of the curves obtained under negative in-service
temperature conditions of pristine samples (dry 0.00 wt %) — Fig. 3a,
there is a small shift on the Paris curve towards higher SERR values (7 %)
compared to pristine sample (dry 0.00 wt %) tested at room conditions.
In addition, low temperature showed a steepening of the slope (n) of the
Paris curve, indicating a more pronounced sensitivity of the crack
growth rate to variations in A\/ G or higher propagation growth rate.
The reference slope for dry 0.00 wt % is 16.53, which was changed to
21.82 for the dry 0.00 wt % sample tested at —40 °C. In other words,
there is a 32 % increase in slope. This trend suggests that low temper-
atures stiffen the matrix, decreasing its toughness and favouring a more
brittle fracture [35].

It is worth noting that environmental conditioning affects both Paris
parameters. Although the discussion here highlights the variation in the
slope n, this inherently implies a corresponding adjustment in the con-
stant C, since the two parameters are interdependent in shaping the
curve. Therefore, changes in n reflect not only the altered propagation
behaviour but also the overall shift in the fatigue crack growth kinetics
due to hygrothermal effects.

Considering the high in-service temperature effect, a similar trend
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was observed when applying high temperature and different RH con-
ditions during the test without precondition in a hygrothermal chamber.
As the fatigue test time was not long enough to cause water absorption,
the three curves at high temperature (80 °C) and different RH showed
the same superimposed Paris curve (Fig. 3b).The strain energy release
rate levels of the Paris regime remained essentially unchanged, indi-
cating no reduction in the strength to opening delamination, in agree-
ment with the results reported in Ref. [21]. However, a reduction in the
slope was observed from 16.53 + 0.42 for pristine sample (dry 0.00 wt
%) to 14.49 + 0.41, i.e. 12 % of reduction. This reduction at elevated
temperatures is consistent with findings in the literature and has been
associated with increased matrix ductility and increase in toughness of
the matrix [36].

Regarding the effect of hygrothermal preconditioning, results pre-
sent in Fig. 3c represent the pristine sample compared with those
exposed in hygrothermal climatic chamber until reach the maximum
equilibrium moisture content (wet 1.20 wt %). Both experiments pre-
sented in Fig. 3c were tested at room conditions (22°/50 % RH). The
SERR range remains the same, following the found in the literature [16],
but we can see a reduction of 13 % in the slope of Paris curve. This
evidences a higher deformation behaviour before the fracture, charac-
teristic of a tougher material [36]. Based on the similar change in the
Paris parameters, temperature affects the Paris curve in a similar trend
to preconditioned samples, although the mechanisms responsible for the
modifications are different, as will be explained later.

Some authors [17,25] argue that no significant differences in the
Paris curve are observed when hygrothermal preconditioning or in-ser-
vice temperature are analysed individually, due to the limited experi-
mental variation. This difference between the present results and the
literature can be attributed to the implementation of an in-service cli-
matic chamber control surrounding the fatigue machine, which provides
more precise control of temperature and especially relative humidity
during the test. Another factor that affects the comparison is the data
processing methodology. For instance, using an alternative method to fit
the da/dN curve (e.g. the 7-point method) may increase the apparent
variability inherent in each test. In the present work, even for tests
conducted at room conditions, temperature and relative humidity were
tightly controlled, ensuring greater accuracy and reliability in the
assessment of in-service hygrothermal effect. The reduction in slope may
be associated with changes in fracture toughness behaviour due to
matrix plasticisation or fibre-matrix interface degradation, both
commonly induced by hygrothermal exposure.

When analysing the curves combining hygrothermal preconditioning
and negative in-service temperature conditions (wet 1.20 wt % at -40°C) —
Fig. 3d, there is a higher change in the Paris curve behaviour. The shift in
the Paris curve in now towards higher SERR values, with an increase of
29 % for the wet (1.20 wt %) conditions compared to the reference curve
(dry 0.00 wt % at 22°C/50 %). This trend suggests that crack propagation
is more dependent on energy variations due to increased matrix
embrittlement at low temperatures [35]. On the other hand, the slope of
Paris curve (16.53 for the reference sample dry 0.00 wt %) slightly
change to 17.02, showing a 3 % of increase. At this stage, the negative
temperature resulted in a shift in the fatigue curve to higher A1/G values
and small increase in the slope, indicating an increased resistance to
crack growth. This may be due to the combination of low temperature
and wet condition, which increased matrix stiffness and a reduced the
plasticity mechanisms. This behaviour is based on the changing of the
hardness and fracture toughness of the material [37,38], while simul-
taneously increasing the growth rate once a critical threshold is excee-
ded. Two hypotheses have been proposed to explain this behaviour:

e Firstly, the absorbed moisture within the polymer matrix may
partially crystallise under sub-ambient conditions, forming ice-like
structures that behave similarly to micro-fillers [39]. These rigid
inclusions could reinforce the crack tip region locally, thereby
increasing the energy required for crack propagation.
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e Secondly, the reduction in molecular mobility at low temperatures
[40,41], which is further constrained by the presence of frozen
moisture, may result in a stiffening effect that delays crack growth
under cyclic loading.

While both hypotheses are consistent with the observed trend,
further investigation is needed to confirm the underlying mechanisms
and their contribution to fatigue resistance.

Considering the high in-service temperature test combined with
preconditioning, there is an overlap of the curve for all three cases of
EMC with similar Paris coefficients. The wet (1.20 wt %) at 80°C/90 %
RH, wet (0.85 wt %) at 80°C/50 % RH and the wet (0.55 wt %) at 80°C/
30 % RH presented the same range of SERR and exponents of 13.49,
13.26 and 13.98, respectively. This suggests that EMC causes irrevers-
ible damage in fatigue delamination, since saturating and then drying
the specimen gives the same behaviour as for the saturated specimen
and does not significantly alter the Paris curve. To evaluate the effect of
combined moisture and temperature, the response of the preconditioned
specimen (wet 1.20 wt% at 80°C/90 % RH) was compared to that of the
pristine specimen (dry 0.00 wt % at 22°C/50 % RH) — Fig. 3e. The
combined effect of preconditioning with high in-service temperature
showed a shift in the SERR curve with an 32 % reduction in A1/G and 18
% reduction of slope. This change in slope is attributed to the plasti-
cisation of the matrix due to temperature and EMC, which causes the
matrix to change its behaviour from brittle to more ductile as it starts to
deform plastically before fracture [42]. Linear elastic fracture mechanics
(LEFM)-based calculations remain valid, since the plasticisation is local
and does not indicate global yielding [13,14]. The reduction in SERR
(Av/G) may be associated to degradation of cohesive (breaking of
polymer chains) and adhesive (fibre/matrix interface) and/or stiffness
reduction, generated by excessive softening of the matrix.

This combined effect of hygrothermal preconditioning and low/high
in-service temperature results in a more pronounced change in the Paris
curve than both parameters applied in isolation. Notably, while most
studies in the literature tend to investigate these environmental factors
independently, the present results highlight the importance of consid-
ering their synergistic interaction, which may otherwise underestimate
the extent of degradation observed under realistic service conditions.

A comparative analysis of Fig. 3 curves shows that preconditioning
increases the change in delamination behaviour when combined with in-
service temperature, a trend that is consistently observed for both low
(Fig. 3d) and high temperature conditions (Fig. 3e). However, the
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direction of this effect is different. The combination of hygrothermal
preconditioning with high temperature results in a reduction of Ay/G
and a decrease in the slope. The combination with low temperature
results in an increase in A\/ G and a rise in the slope. This opposite trend
underlines the complex interaction between environmental conditions
and temperature and highlights the need for combined assessments to
fully capture material behaviour in service.

3.2. Thermo-mechanical interpretation of fatigue behaviour

Dynamic Mechanical Thermal Analysis (DMTA) results are presented
in Fig. 4 to compare the viscoelastic behaviour of pristine (dry 0.00 wt%)
and preconditioned samples (wet 1.20 wt%). The curves presented
correspond to the representative curve, since both repetition curves
were repeatable. In addition, samples that were preconditioned and then
dried were also analysed, i.e., wet 0.55 wt%. Here, E’ represents the
elastic (or stored) modulus component, while tan (5), defined as the
ratio between the loss modulus (E") and the storage modulus (E), reflects
the damping behaviour of the material. The storage modulus was
affected by preconditioning and moisture uptake, showing a reduction
of 9.1 MPa for the wet 1.20 wt% sample and 4.8 MPa for the wet 0.55 wt%
sample, compared with dry 0.00 wt%.

Tan (8) was used to identify the glass transition temperature (Ty),
defined as the peak of these curves. The pristine specimens (dry 0.00 wt
%) exhibited a single, well-defined peak in the tan & curve, which is
characteristic of thermoset matrices reinforced with continuous fibres.
In contrast, the preconditioned specimens (wet 1.20 wt%) displayed a
bimodal response, which is attributed to the heterogeneous plasti-
cisation of the matrix. Water acts as a plasticiser, interacting preferen-
tially with regions of the epoxy network that are less cross-linked or
more polar, such as areas near the fibre or at defect sites [43,44]. This
results in two distinct phases: one with a lower glass transition tem-
perature (Tg) of ~173 °C, corresponding to plasticised, water-rich re-
gions; and another with a higher T, of 210-227 °C, representing areas
less affected by moisture. This is not the result of a polymer blend, but
rather a consequence of selective water absorption and localisation
within the matrix. The effect of preconditioning and subsequent drying
treatment is reflected in the DMTA curves, with partial recovery of the
thermal behaviour (Ty).

A summary of the T values for dry and wet specimen after different
environmental exposures indicates that hygrothermal preconditioning
reduces the thermal stability of the composite, as evidenced by the
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decrease in T,. Flowing the work by Mamalis et al. [45], this reduction is
primarily associated with moisture uptake and the resulting plasti-
cisation of the polymer matrix. Specifically, T, decreased from 227.48 °C
(dry 0.00 wt%) to 173.54 °C for wet 1.20 wt% and partially recovered to
210.43 °C for the wet 0.55 wt%. A partial recovery of T, was thus
observed in the wet specimen after drying, as also reported in previous
literature [16,17]. This behaviour is attributed to the partial desorption
of moisture (see Fig. 1) and homogenization of cross-linking in a single
phase. However, the incomplete water desorption results in the incom-
plete recovery. The moisture content might become a permanent block
inside the material since the complete water desorption was not possible
ever after a long exposure of high temperature and low RH. Also,
polymer degradation processes, such as hydrolysis or chain scission,
may also have contributed to the reduced T,.

Although moisture desorption occurs during the drying process, this
alone cannot fully explain the observed changes. When considered
alongside the experimental evidence of incomplete recovery of thermal
properties, it suggests that the polymer matrix and the fibre/matrix
interface have undergone permanent degradation. Similar conclusion on
material degradation was also made in literature [16,17]. These irre-
versible changes are probably responsible for long-term alterations to
the material thermal and mechanical behaviour [25,45].

As illustrated in Fig. 5, the interaction between water molecules and
the composite material occurs in multiple stages during preconditioning
(see Fig. 1), in which stages A-D occurs during moisture absorption
(Stage I-II in Fig. 1). In the initial stage (Stage A), it is presumed that the
fibre/matrix interface remains intact, and water molecules are only
present in the surrounding environment. In stage B, water begins to
penetrate the composite, primarily diffusing through micro gaps and
imperfections in the matrix to reach the fibre/matrix interface. At this
stage, the water molecules are mainly in a free state and are not yet
interacting strongly with the polymer chains [46]. In stage C, water
molecules diffuse further into the matrix, where some are absorbed and
become physically trapped between polymer chains. This can induce
localised swelling and partial plasticisation of the matrix. Stage D is also
referred to as the transformation stage, during which some of the
absorbed water transitions into bound water. This transformation occurs
through hydrogen bonding with polar groups in the polymer matrix or at
the fibre/matrix interface [47]. Simultaneously, long-term exposure to

Figure Legend

Carbon fibre

Matrix molecule

Fibre/matrix Interface

Water molecule

Water molecule in matrix

Bound water molecule

el lo]l

Composites Part B 313 (2026) 113366

high temperatures and humidity can cause the matrix to undergo ther-
mal oxidative degradation or hydrolysis. This results in chain scission
and the formation of additional polar sites that may interact further with
water. Once saturation is reached, no further transformation of free
water into bound water occurs and excess water or degraded
by-products may diffuse out of the material [48]. The formation of new
hydrogen bonds between matrix molecules and water (as bound water)
can reduce the storage modulus, indicating a decrease in stiffness that
can mitigate further environmental damage during cyclic loading.
However, matrix degradation and the resulting reduction in the glass
transition temperature (T,) weaken interfacial adhesion and interlayer
properties, significantly reducing fracture toughness [47].

Hobbiebrunken et al. [38] showed that the spatial distribution of von
Mises stresses within fibre/matrix interface is influenced by temperature
variations. At low temperatures (Fig. 6: T < Tp), molecular mobility is
significantly restricted, resulting in increased hardness and brittleness.
This restriction acts as a barrier to crack propagation, thereby increasing
the energy required for damage propagation [38]. This behaviour re-
flects the increased brittleness of the material at low temperatures,
where plasticity is reduced and fracture occurs more readily without
significant plastic deformation [49]. In addition, low temperatures
result in reduced crack stability and a more fragile interface.

Conversely, molecular mobility increases with high temperature
(Fig. 6: T > Tp), leading to a reduction in stiffness and an increase in
residual stresses [38,50]. This increased molecular mobility promotes
plasticity of fracture behaviour, resulting in more stable crack propa-
gation that is increasingly sensitive to variations in strain energy (A \/ G)
as reflected in the slope of the curve. Epoxy resin has a cross-linked
molecular structure which inherently induces internal stresses that
contribute to its dimensional stability. As temperature increases, mo-
lecular mobility tends to increase; however, the presence of cross-links
limits significant molecular rearrangement, resulting in the develop-
ment of internal stresses within the material [38,51]. The residual stress
generated by the high temperature is responsible for reducing the energy
required for damage propagation, shifting the A\/G curve to lower
values.

The thermo-mechanical analysis provided valuable insights into the
distinct molecular mechanisms by which temperature and moisture
content influence the fatigue behaviour of CFRP laminates. Although

Fig. 5. Stages of moisture sorption in CFRP (adapted from Ref. [47]).



F.M. Monticeli et al.

T, (Room conditions)

T < T, (Low Temperature)

Motion restriction

Composites Part B 313 (2026) 113366

T > T, (High Temperature)

Molecular motion
v

Fig. 6. Thermal effects on the spatial distribution of the epoxy molecular structure.

both factors independently resulted in similar macroscopic effects in the
delamination behaviour, their underlying mechanisms are fundamen-
tally different. Moisture uptake primarily promotes plasticisation of the
matrix and interfacial weakening, whereas elevated temperature drives
molecular mobility and softening. The simultaneous action of both
conditions introduces a compounded effect, whereby distinct degrada-
tion mechanisms act concurrently, leading to more pronounced modi-
fications in the Paris curve. These findings underscore the importance of
characterising the coupled effects of environmental conditioning, rather
than evaluating temperature and moisture effects in isolation, to achieve
a more accurate understanding of the fatigue delamination resistance of
composite laminates in real-world service environments.

3.3. Statistical analysis

All of the factors applied, i.e., equilibrium moisture content obtained
during preconditioning and in-service environmental conditioning
applied during fatigue testing, appear to influence the Paris curve under
mode I fatigue delamination. In order to better understand the indi-
vidual contribution of each factor, this section focuses on a statistical
analysis of the Paris curve parameters. Table 3 shows the input factors,
including the equilibrium moisture content — EMC (wt %) absorbed
during preconditioning phase in climatic chambers prior to testing; the
in-service temperature (°C) and relative humidity - RH (%) applied
during fatigue testing. The Paris curve parameters were considered as
response variables: A\/ Grerat 5 x 1077 m/cycle, which evaluates the
shift in SERR, and the slope n of the curve. Table 3 summarises all the
input factors and the responses obtained experimentally, considering the
average of three replicates. The Paris parameters presented were ob-
tained by fitting the experimental data to the Paris law equation (Eq.
(3)), which relates the fatigue crack growth rate (da/dN) to the strain
energy release rate (SERR) range. Specifically, the fitting was performed
on the linear region of the Paris curve.

The analysis of variance (ANOVA) approach was applied to evaluate
the variance in the Paris parameters and to assess the individual effects
of environmental conditions applied before and during the fatigue tests.
A single-factor analysis with repeated measures was conducted to
compare the influence of different parameters on the response, using
Minitab, following procedures outlined in references [52,53] and
detailed in Appendix B. To better interpret the variability in the results,

Table 3
Environmental effects as input factors, and Paris parameters as response
variables.

Hygrothermal in-service environmental Paris parameters (post-
preconditioning” conditions” (during fatigue processed data)
(climatic chamber) test)
EMC Temperature Relative AVGy, [N/ Slope —
Q) humidity m] (at 5 x n
(%) 1077 m/
cycle)
Dry (0.00 wt%) —40 - 101.23 + 21.35
2.28 + 1.12
Dry (0.00 wt%) 22 50 110.09 + 16.67
7.53 +0.42
Dry (0.00 wt%) 80 90° 101.30 + 16.17
2.83 + 0.65
Dry (0.00 wt%) 80 50° 97.30 £ 16.42
5.12 + 0.55
Dry (0.00 wt%) 80 30° 99.30 + 2. 16.77
14 +0.44
Wet (1.20 wt%) —40 - 125.21 + 17.45
1.33 +1.18
Wet (1.20 wt%) 22 50 99.23 + 14.03
12.56 + 0.41
Wet (1.20 wt%) 80 90 75.88 £ 13.31
3.68 +0.77
Wet (0.85 wt%) 80 50 75.38 + 13.26
3.24 + 1.01
Wet (0.55 wt%) 80 30 79.74 + 13.31
2.05 +1.61

@ _ preconditioning in static climatic chambers (before the test).

b _ conditioning during the fatigue test.

¢ RH was only applied for statistical purposes, since the exposure time was
insufficient there was no change in moisture content.

an ANOVA analysis was performed using the F-test method to assess the
differences within the same material and between different hygro-
thermal conditions.

In ANOVA, the F-value represents the ratio of between-group vari-
ance, variation attributed to different input parameter conditions —
preconditioning or in-situ environment conditions, and within-group
variance (variation under the same condition). The Fijcq Value works
as a threshold for testing the null hypothesis (Hp), indicating whether a
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given parameter has significant effect on the response. If F-value >
Feriticat, the null hypothesis is rejected, indicating that the factor has a
significant effect on the response variable. In addition, p-value analysis
was performed to ensure the statistical significance of the results. A p-
value < 0.05 indicates that the confidence level for determining whether
a factor affects the variability of the system is at least 95 %, confirming
the reliability of the statistical conclusions. Finally, the percentage
contribution (PC) of each factor was calculated to quantify its relative
influence. This was determined as the ratio of the factor sum of squares
(SS) to the total sum of squares (TSS), expressed as PC=(SS/TSS) x 100.
The resulting PC value represents the proportion of the total variation in
the response variable that can be attributed to a given factor [52,53].

EMC has the highest F-value (Table 4), followed sequentially by in-
service temperature and relative humidity (applied during the test), in
that sequence. The same sequential trend is observed in the percentage
of contribution (PC) of each factor to the shift in A\/ Gyef values, EMC
accounts for 50.68 %, test temperature for 9.02 %, and in-service RH for
7.99 %. However, the error (32.32 %) exceeds the contribution of the
two last factors. This high error indicates some degree of insensitivity
when evaluating the change in SERR, likely due to concurrent changes in
the slope of the Paris curve, which alters the values of A\/ Gyt for a given
crack growth rate (da/dN).

A p-value < 0.05 for EMC confirms its significant contribution to the
variability of A/Grer. Similarly, test temperature shows a reliable in-
fluence with a p-value below the 0.05 threshold. In contrast, the higher p-
value (>0.05) observed for in-service relative humidity indicates that this
factor is statistically unreliable as the error associated with it exceeds its
contribution (Table 4). Therefore, in-service temperature and RH applied
during fatigue test could be considered as secondary factors in the
relative change of A\/ Gref in the Paris curve.

Similarly, Table 5 presents the ANOVA results for the slope of the
Paris curve, taking into account the same factors of EMC (from the
hygrothermal preconditioning), in-service temperature and relative hu-
midity (from the in-service environmental conditions during the fatigue
test).

A similar trend is observed for in-service RH, which has a p-value of
0.870 (>0.05), an F-value of 0.15 (< Fgitcar = 2.58), and a small per-
centage contribution (less than the associated error). These results
support the null hypothesis validity, indicating that relative humidity
does not significantly affect the response. This result is expected since
the relative humidity applied during fatigue test was primarily used to
maintain the moisture content level induced by preconditioning and
does not cause any additional changes in the material behaviour or in
the Paris curve such as SERR shifts, or slope variations.

On the other hand, when analysing the effects of EMC (due to pre-
conditioning) and in-service temperature (during the fatigue test), both
factors show F-values significantly higher than F ;cq, along with high
percentage contributions. This confirms that in both cases the null hy-
pothesis is invalid, and EMC and in-service temperature strongly influ-
ence the slope of the Paris curve. This conclusion is further validated by
p-values < 0.05 and low associated error values, providing a high level of
statistical confidence (95 %) in the observed trends.

However, considering that EMC is the primary factor influencing the
SERR shift, while in-service temperature applied during fatigue test has
the most significant effect on the slope of the Paris curve, it can be

Table 4

ANOVA for the change in SERR (A\/ Gyep) of the Paris curve as response.
Factor/Parameter ss? MS* p- Fuiica  F- PC*

value value
EMC (wt%) 2250.20 750.10 0.026 2.86 1.57 50.68 %
In-service 267.10 133.50 0.021 2.86 0.28 9.02 %
temperature (°C)

In-service RH (%) 236.50 118.20 0.774 2.86 0.25 7.99 %
error 956.70 478.30 - - - 32.32%

# SS — Sum of square; MS — Mean Square; PC — Percentage of contribution.
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Table 5
ANOVA analysis for the change in slope (n) of the Paris curve as response
variable.

Factor/Parameter ss? MS* p- Feitica F PC*
value value
EMC (wt%) 11.32 5.66  0.035 2.58 2.97 25.61 %
In-service temperature 28.48 14.24 0.012 2.58 7.47 64.46 %
(9]
In-service RH (%) 0.57 0.29  0.870 2.58 0.15 1.29 %
error 3.81 1.91 - - - 8.63 %

# SS — Sum of square; MS — Mean Square; PC — Percentage of contribution.

concluded that both parameters are key contributors to the observed
degradation mechanisms. The EMC introduced during hygrothermal
preconditioning mainly affects the energy required for crack propaga-
tion, whereas the in-service temperature during fatigue testing mainly
determines the sensitivity of the crack growth rate, as reflected in the
slope (n) of the Paris curve. Therefore, the combined effect of pre-
conditioning and high/low in-service temperature leads to more pro-
nounced changes in the Paris curve. In contrast, in-service relative
humidity during the test did not cause any significant changes in the
results and is considered mainly a control parameter to preserve the
EMC established during the hygrothermal preconditioning phase,
throughout the fatigue test.

3.4. Modelling environmental effects

Given the results presented earlier, where moisture content from
hygrothermal preconditioning and the temperature applied during fa-
tigue testing were identified as the most significant factors influencing
the Mode I fatigue curve, both parameters are used in this section to
model the Paris curve. The relative humidity applied during mechanical
testing is neglected from this section, as it does not have a significant
direct effect on the Paris parameters and acts mainly as a secondary
factor to maintain the moisture absorbed during preconditioning. The
aim of this section is to predict the environmental effects on the Paris
curve using the empirical quadratic model described in Equation (5).
This model enables interpolation of the behaviour of both the energy
release rate threshold A\/ Grerand the Paris curve slope n. The advantage
of this model is the possibility of analysing the effects of equilibrium
moisture content from preconditioning and temperature individually by
setting either parameter, equilibrium moisture content (EMC) or the
normalised (T —T,) /T, to zero. Additionally, in the model a combined
term is present to take into account the combined effects of both pa-
rameters. This analysis is reflected by the fitting parameters 8, where the
sign indicates direct/inverse proportionality of the linear (f; or f)),
quadratic (f; or f;) and/or combined (5) relation.

T-T,

2
> + Bi(EMC)? + B <T = Tg>

Zi=2y; + p;(EMC) + p; ( T
g

+ B4 (EMC) (T o Tg) )

g

Where, Z; represents the parameter to be analysed (i = A\/ Gref, ), Zp,i is
initial value of Z; (based on reference conditions of temperature and
EMCQ), T is the in-service temperature (K), Ty is the glass transition tem-
perature (K), EMC is the equilibrium moisture content (wt%), and f
denotes the fitting constants.

(T —T,) /Tg represents the normalised temperature, which is used to
measure the relative deviation of the temperature applied during fa-
tigue, based on the glass transition temperature (T). This term indicates
how the material behaviour changes as the applied temperature deviates
from T,. At temperatures above (or close to) T, the epoxy matrix tends
to have greater molecular mobility, resulting in enhanced plasticity.
This typically lead to a decrease in Ay/Gyet and in the Paris curve slope.
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On the other side, at temperatures well below T, (i.e., the negative
normalised temperature), the matrix becomes more rigid and brittle,
leading to an increase of A\/ Gref and of the Paris curve slope. EMC is the
equilibrium moisture content absorbed during hygrothermal pre-
conditioning, also normalised based on mass uptake. This parameter can
increase the plasticity of the material, potentially mitigating the effects
of increased stiffness at lower temperatures or amplifying plasticity at
high temperature applied during the fatigue test. On the opposite side,
moisture in sub-zero temperatures may turn to ice within the composite
and that can also stiffen the matrix.

Fig. 7 illustrates the application of Equation (5) to the experimental
data, resulting in interpolation curves with an R > 0.97 for both cases.
A second order polynomial relationship is observed between input pa-
rameters (temperature and EMC) the fitted Paris curve parameters
(A\/Gref — Fig. 7a and n — Fig. 7b). The resulting three-dimensional
models are described by Equations (6) and (7), corresponding to the
respective plots shown in Fig. 7.

Equation (6) describes the parameter A\/Gref, corresponding to a
fixed crack growth rate (da/dN), as a function of temperature and EMC.
The linear coefficient for EMC (i = —92.58) is negative, indicating that
increasing absorbed moisture (m,) leads to a decrease in A\/ Gref, i.€. less
energy is required to propagate a delamination crack under fatigue. In
contrast, the positive quadratic coefficient for EMC (fii = 44.36) suggests
a non-linear trend where the rate of reduction in A\/ Grer may slow or
partially recover at higher moisture levels. Together, these coefficients
reflect the softening and plasticisation of the matrix due to water uptake,
which affects the resistance to crack propagation, particularly at inter-
mediate EMC levels.

For the temperature dependent terms, the linear coefficient (f; =
—219.93) and the quadratic coefficient (8j = —248.16) are both nega-
tive. This indicates that as the temperature increases relative to the glass
transition temperature (i.e. increasing (T-Tg)/Ty), there is a progressive
decrease in A\/ Gref. This behaviour suggests thermal softening near or
above the glass transition temperature, where the matrix loses stiffness
and becomes more ductile, thereby reducing the ability of the material
to resist delamination growth. The quadratic term further confirms that
this reduction in A\/ Gyt increases at higher relative temperatures. It is
important to note that more negative values of (T-Tg)/ T, correspond to
temperatures well below Tg, while values approaching zero or becoming
positive indicate conditions closer to or above T, where thermal soft-
ening and increased molecular mobility lead to a greater susceptibility

to delamination growth.
The interaction term (#j = —114.17) is also negative, indicating a
synergistic degradation effect when both high temperature and high
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EMC are present. This suggests that while moderate increases in tem-
perature or moisture alone may lead to a limited reduction in A\/ Gref,
their combined effect amplifies the degradation mechanisms, such as
matrix plasticisation and fibre-matrix interface weakening, resulting in a
more severe reduction in delamination resistance.

Overall, the fitted surface captures the complex interplay between
EMC and temperature, with a high degree of accuracy (R% > 0.97). This
confirms that both parameters are critical in governing the fatigue
delamination behaviour considering hygrothermal preconditioning and
temperature conditions applied during the test.

T-T,
AVGy (T, EMC) = 57.09 — 92.58(EMC) — 219.93 (Tg)
g

) T-T,\*
+44.36(EMC)” — 248.16( — (6)
&
—114.17(EMC) (ﬂ)
Tg
T—T,
n(T,EMC) =19.91 +0.42 (EMC) +29.52( ~——*
8
T-T,\?
+0.42(EMC)* +71.82 (Tg) 7)
&

+ 5.45(EMC) (T - Tg)
Ty

The values presented in Equation (7) describe the variation of the
Paris curve slope (n) as a function of EMC and temperature. The linear
coefficient for EMC (i = 0.42) is positive, indicating that increasing
absorbed moisture slightly increases the slope of the Paris curve. The
same value is observed for the quadratic coefficient (i = 0.42), sug-
gesting a slight but consistent trend in which higher moisture levels
slightly increase the sensitivity of the crack growth rate to A\/ Gref. This
behaviour contrasts with the typical matrix plasticisation effect, sug-
gesting that moisture alone plays a secondary role in controlling the
slope, as found in ANOVA analysis.

Although both variables were normalised, it is important to note that
the influence of each term in the polynomial model depends on the
magnitude of the respective coefficients () but also on the actual vari-
ation intervals of the variables. In this case, the normalised temperature
term (T — Tg)/T, ranges from —0.55 to 0.2, while the EMC varies from
0.00 to 1.20 wt%. Nevertheless, the fitted temperature-related co-
efficients are significantly larger, suggesting that temperature has a
stronger influence within the explored experimental domain. However,
caution should be taken when comparing the effects of variables with

Paris slope
(n)
21.10

20.25
19.40
18.54
17.69
16.84
15.99
15.14
14.28

13.43

12.58

Fig. 7. Empirical interpolation of a) A\/G,ef at 5 x 107 m/cycle and b) slope of Paris curve, depending on the EMC and normalised temperature.
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different ranges and physical units.

Both coefficients (f; and f3;;) for temperature range are positive. This
suggests that near or above T, the matrix exhibits increased ductility,
activating energy dissipation mechanisms. As a result, although the
crack growth rate becomes less sensitive to small changes in energy
release rate (i.e., reduced Paris slope), the dissipation mechanisms
significantly modify the effective SERR values throughout fatigue
propagation.

The interaction term (fj = 5.45) is also positive, implying that the
combined presence of elevated moisture and temperature can further
amplify the change in the slope n. This synergy contrasts with the
behaviour observed for A+/G, where the interaction term led to degra-
dation. Here the combined effect results in an increased slope, which
may be related to changes in the fracture process zone, enhanced fibre
bridging dynamics or matrix viscoelasticity under fatigue loading at
elevated temperatures and humid conditions.

Using the simulated values of the shift in A\/ Gref and the slope n as a
function of temperature and EMG, it is possible to validate the proposed
model curve against the experimental data using Equation (8). In this
equation, n is a function of T and EMC, while C is also taken into account
by considering the equivalence of the Ay/Gyes values found at 5 x 1077

m/cycle, i.e. C = G(T,EMC) = 10~/ [Av/Gyey(T, EMC)]" "7,
da n(T.EMC)
T~ C(T,EMC): [A\/E] ®

Fig. 8 shows the experimental data points, while the lines represent
the simulated values using Equation (8). For presentation purposes, only
selected samples showing the most significant shifts in Paris curve are
presented, including Dry (0.00 wt%) at 22°C, Dry (0.00 wt%) at -40°C
(0.00 wt%), Wet (1.20 wt%) at 22°C, Wet (1.20 wt%) at 80°C and Wet
(1.20 wt%) at -40°C. A strong correlation between the experimental and
simulated data can be observed, with minimal deviation. This is further
supported by Table 6, which compares the fitting errors between the
experimental Paris parameters (Equation (3)) and the proposed model
(Equation (8)).

The highest error recorded was 2.97 % for the slope of the Paris curve
and 4.12 % for the change in SERR values, indicating that the proposed
method is a reliable interpolation of the effects of hygrothermal pre-
conditioning and in-service temperature conditions during mode I fatigue
testing.

Composites Part B 313 (2026) 113366
3.5. Fractographic analysis

Fig. 9 shows the optically measured height maps of fracture surfaces
of specimens conditioned and tested under each condition previously
presented. In all images, the crack propagation direction (da/dN) is from
left to right. A comparative analysis between pristine (dry 0.00 wt%) and
hygrothermally preconditioned samples (wet 1.20 wt%) revealed a sig-
nificant increase in fibre bridging formation, as shown by the presence
of loose fibres on the fracture surface shown in Fig. 9a (labelled A).
Similarly, an increase in fibre bridging can be observed when tran-
sitioning from low to high in-service temperatures applied during fatigue
testing. Besides the change in fracture toughness and stiffness induced
by temperature and moisture content in CFRP, the combination of
hygrothermal preconditioning and high in-service temperature promotes
a densification of fibre bridging [54], which in turn plays a significant
role in altering the Paris curve [55].

Based on Equation (4), fracture surface roughness was measured
using high magnification images, as shown for each condition in Fig. 9b.
The primary objective of this analysis was to quantify the intrinsic
roughness of the fracture surface. To ensure accuracy, the analysis was
carried out in a manner that excluded loose fibres resulting from fibre
bridging, as their presence could influence the true roughness values.

To obtain a representative roughness profile, six sets of five parallel
profile lines were analysed, with 4 pixels spacing between lines within
the same set, providing 240 measurements for each condition. A
comprehensive roughness profile was then generated, and roughness
values were determined using Equation (4) (Fig. 10a). Eight images
were taken for each specimen under each environmental condition
(Fig. 10a).

Roughness was measured along profile lines oriented parallel to the
fibre direction and aligned with the direction of crack propagation. This
approach was adopted to minimise the influence of inherent surface
roughness variations due to the nesting effect, an intrinsic characteristic
of unidirectional (UD) composites. As hygrothermal preconditioning
and in-service temperature primarily affect the polymer matrix phase,
the main fractographic features are found in the resin-rich regions be-
tween the fibres. Therefore, the roughness measurements reflect an
apparent transition from more ductile fracture behaviour, characterised
by greater deformation prior to failure, to more brittle fracture behav-
iour, characterised by limited deformation and less dense fracture
mechanisms. The surface height profile (Fig. 10a) obtained along each
scan line can be integrated to yield a surface roughness value that

10° 4

10° 4

da/dN [m/cycle]
3

10 3

Exp. Dry (0.00 wt%) at -40°C
| e Simulation (da/dN) = 1.18 x 10-50 (ANG)?1-69
4 Exp. Dry (0.00 wt%) at 22°C
| === Simulation (da/dN) = 3.29 x 104! (AVG)76.89
Exp. Wet (1.20 wt%) at -40°C
| === Simulation (da/dN) = 5.23 x 1043 (ANG)7-19
3 o Exp. Wet (1.20 wt%) at 22°C
] == Simulation (da/dN) = 2.83 x 10-35 (ANG)1405
1 Exp. Wet (1.20 wt%) at 80°C

= Simulation (da/dN) = 1.01 x 10-38 (ANG)"3.58

10 +—————rr T

40 60 80 100 120

AVG [N/m]
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Fig. 8. Proposed empirical model applied to experimental data in the boundary environmental conditions.
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Table 6

Comparative analysis between experimental and simulated Paris fitting of slope (n) and A\/ Gres (@t 5 x 1077 m/cycle).

Composites Part B 313 (2026) 113366

Environmental test conditions

Exp. Paris fit

Simulation fit

EMC

Dry (0.00 wt%)
Dry (0.00 wt%)
Dry (0.00 wt%)
Wet (1.20 wt%)
Wet (1.20 wt%)
Wet (1.20 wt%)

in-service temperature (°C)
—40

22

80

—40

22

80

n AY/Grer [N/m] n error (%) AY/Greg [N/m] error (%)
21.82 101.23 21.63 0.83 103.75 —2.49
16.53 110.09 16.89 —2.22 110.09 412
14.49 97.30 14.44 —2.97 97.30 -3.12
17.02 125.21 17.19 ~1.02 123.79 1.14
14.42 99.23 14.05 2.56 102.40 -3.20
13.26 75.38 13.58 —2.46 77.89 -3.33

Low temperature (-40°C)

Room temperature (22°C)

High temperature (80°C) i

Dry (0.00 wt%)
Pristine condition

Height
(Hm)

135

68

36

Height

73

24

(Hm); _
148!

Height |
(Hm) |

Wet (1.20 wt%)
Preconditioned

Height

181

73

32

Low temperature (-40°C)

(um): [

Height

Room temperature (22°C)

(Hm); §

High temperature (80°C) i

Dry (0.00 wt%)
Pristine condition

Height
(Hm)
27.93

13.63

Height
(Hm)
55.31

Height !

(Hm),
88.48

9.91
Height Height
—_ (um) (Hm)
\Q -
3 48.07 69.188
53 f |
o= :
N T 15.711 11.04 49.14!
38 [
52 |
TS 9.35 3.91 1.85 |
|
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Fig. 9. Optical fractographic images highlighting the different combination of hygrothermal preconditioning (dry or wet) and in-service temperature conditions
showing a) the presence of fibre bridging and b) the fracture surface roughness.

correlates directly with the prevailing fracture behaviour. This indicates
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a tendency towards either brittleness or ductility depending on the
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Fig. 10. Quantitative fracture analysis using optical microscopy: a) roughness profile measurement approach, b) surface roughness values under various conditions,

c) energy release rate per cycle (-dU/dN) vs crack growth rate (da/dN) curve.

environmental conditions.

Fig. 10b shows the mean and standard deviation of the roughness
measurements per specimen. Despite the relatively high standard devi-
ation, a clear trend can be observed from the average perspective, in
which the specimens tested at low temperatures showed the lowest
roughness values, followed by an increase in roughness for those tested
at room temperature and reaching its highest levels at high tempera-
tures. Regarding the effect of preconditioning, wet 1.20 wt% specimens
showed a lower roughness trend across all temperature conditions
compared to dry 0.00 wt%, but less statistical significance.

Notably, this variation trend in surface roughness behaviour does not
follow the same trend observed for the shift in strain energy release rate
(SERR) in the Paris curve. However, it exhibits a pattern consistent with
the variations found in the slope values of the Paris curves. A lower
strain energy requirement per unit crack growth was observed at sub-
zero temperatures, resulting in a less rough surface associated with
fewer damage features. In contrast, at high temperatures, there is a
decrease in the slope, implying a higher strain energy requirement per
crack unit, and then higher roughness.

Applying the dU/dN model [56] (described in Appendix C), enables
evaluation of the energy dissipated per unit crack growth (da/dN),
which aligns well with the fracture surface roughness trends observed in
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Fig. 10c [57,58]. The different slopes in the da/dN vs. dU/dN curve
suggest that the energy dissipation per cycle follows a trend similar to
the slope (n) of the Paris curve. The higher slope in the dU/dN against
da/dN is associated with greater propagation tortuosity (greater surface
roughness) due to more damage features.

The roughness behaviour appears to correlate more strongly with the
slope of the Paris curve and dU/dN than with the absolute SERR values.
This is because dU/dN, which represents the energy dissipated per cycle,
shows a similar trend to the slope of the Paris curve. Thus, the envi-
ronmental factors (temperature and EMC) primarily influence the
dissipation mechanisms active during a fatigue cycle, rather than the
total strain energy release rate. While A\/ Gref represents the fracture
energy threshold, it does not necessarily reflect the local energy dissi-
pation occurring during crack propagation, which is influenced by the
roughness of the fracture surface and crack path tortuosity induced
under different environmental conditions.

Fig. 11 shows the SEM fractographic images corresponding to each
test condition, covering high to low temperature, dry 0.00 wt% and wet
1.20 wt% preconditioned samples. Fig. 11a shows fractographic images
at low magnification, providing an overview of the global fracture
morphology. Fig. 11b shows fracture details at higher magnification,
highlighting local damage features. The direction of crack propagation
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Dry (0.00 wt%)
Pristine condition

Wet (1.20 wt%)
Preconditioned

Fig. 11. SEM images highlighting the combination effect of hygrothermal preconditioning (dry or wet) and in-service temperature on fracture morphology a) low

magnification (500X), b) higher magnification (>1.5 kX).

(da/dN) is consistently from left to right in all images, ensuring
consistent interpretation of the observed fracture characteristics.
These SEM images confirm the findings of the optical microscopy
analysis and provide further insight into specific underlying failure
mechanisms. Key damage features associated with Mode I fatigue
delamination such as cusps, scarps, fibre imprints, fibre breakage and
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matrix cracking are clearly visible. However, there is significant varia-
tion in the prominence and extent of these features as a function of in-
service temperature and hygrothermal preconditioning states. The most
pronounced morphological changes are predominantly observed within
the matrix-rich zones, reflecting the high sensitivity of the epoxy matrix
phase to environmental conditioning effects [23].
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Fibre morphologies and imprints typically exhibited smooth surface
characteristics, suggesting low interfacial adhesion between fibre and
matrix. Cohesive failures, on the other hand, often exhibited well-
defined cusp patterns resulting from local shear deformation during
crack growth. These cusps, characterised by stepped or layered fracture
surfaces are typically indicative of rapid fracture events with minimal
associated plastic deformation, indicative of a brittle fracture.

At high temperatures, the fracture patterns become more pro-
nounced, exhibiting a wavy and more expansive morphology. This in-
dicates greater deformation before the fracture, consistent with more
ductile fracture behaviour. Conversely, at low temperatures, the fracture
patterns show less pronounced deformation, highlighting brittle fracture
characteristics, as evidenced by the appearance of loose matrix granules.
Brittle fracture occurs with minimal plastic deformation, primarily due
to the increased material stiffness and reduced plastic deformation and
ductility at lower temperatures [59,60].

Hygrothermal preconditioning increases deformation behaviour of
fracture patterns at all temperature levels. As previously discussed,
moisture uptake in the composite intensifies the deformation effects,
through combined mechanisms such as plasticisation, swelling, and
hydrolysis promoting ductile fracture behaviour marked by pronounced
plastic deformation. In addition, an increased incidence of matrix
cracking was observed in preconditioned specimens at all temperature
levels, further indicating a weakening of the cohesive properties at the
fibre-matrix interface.

The fracture behaviour observed in Fig. 11 can be compared to
previous results from the literature [24]. In particular, Yao et al. [24]
showed that elevated temperatures can promote fibre/matrix interface
degradation, as indicated by the increased presence of fibre imprints in
both dry and preconditioned specimens tested at 80 °C. This suggests
fibre pull-out due to interfacial weakening. Conversely, at —40 °C, the
interface is likely strengthened, as also reported in Ref. [24], leading to
more matrix-dominated failure such as brittle fracture and matrix
cracking, instead of fibre pull-out. This reflects a shift in the dominant
failure mechanism from interfacial to cohesive failure in the matrix.
Therefore, the SEM results corroborate the temperature-dependent
interfacial effects previously described and reinforce the link between
hygrothermal conditions and the underlying fracture mechanisms in
fatigue delamination.

4. Conclusions

This study investigated the individual and combined effect of
hygrothermal preconditioning and in-service temperature and relative
humidity conditions on Mode I fatigue delamination in carbon fibre-
reinforced polymer (CFRP) laminates. A comprehensive experimental
campaign was conducted combining fatigue testing at different in-service
temperatures and relative humidity levels, dynamic mechanical thermal
analysis (DMTA), fractographic analysis, statistical modelling and
empirical interpolation.

The results show that the EMC absorbed during hygrothermal pre-
conditioning and in-service temperature are the main factors affecting

Appendix A
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the slope (n) of the Paris curve. These two parameters act synergistically
to significantly alter the fatigue crack growth behaviour. In contrast, the
in-service relative humidity presented no statistical effect and mainly
acts to maintain the EMC established during the hygrothermal pre-
conditioning stage.

Low temperature conditions increased material brittleness and
resistance to fatigue crack growth, shifting the Paris curve to higher
slope (n). Conversely, high temperatures promoted matrix plasticisation,
flattening the Paris curve slope. The combination of hygrothermal pre-
conditioning with either extreme in-service temperature condition
enhanced these effects, adding the shift of the curve for high (hot-wet
condition) or lower (cold-wet condition) SERR values. As a matter of
fact, this result highlights the synergistic impact of environmental
degradation on fatigue delamination behaviour, specially evaluated by
preconditioning and in-service environment application during fatigue
testing.

An empirical model was proposed to describe the combined effects of
EMC and in-service temperature on the Paris curve parameters. The
model demonstrated excellent correlation with the experimental data
(R? > 0.97), allowing reliable prediction of environmental degradation
trends under operational conditions.

Fractographic analysis corroborated these findings, by linking
changes in fibre bridging, surface roughness, and energy dissipation
mechanisms to the observed shifts in fatigue behaviour. Overall, this
study is unprecedented and highlights the importance of considering
both preconditioning and in-service environmental effects when assess-
ing the long-term durability of composite structures.
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Fig. Al. Paris curve for each condition: a) Pristine (—40 °C), b) Pristine (22 °C/50 %), c) Pristine (80 °C/30-90 %), d) HA (—40 °C), e) HA (22 °C/50 %), f) HA (80
°C/90 %), g) HA (80 °C/50 %), h) HA (80 °C/50 %).

Appendix B

For the statistical analysis described in Section 3.2, F value, Fi;cq1 and p-value were calculated using the software MiniTab18. To determine if the
difference between a current value and the mean is significant, the p-value could be compared with its level of significance (a) to assess the null
hypothesis. A significance level a = 0.05 is generally used, which denotes the probability of the null hypothesis being valid as 5 %.

We can then distinguish two cases:

(1) Fvalue > Feiicqr and p-value < o: The differences between some of the averages are statistically significant. If the p-value is less than or equal to
the significance level, one can reject the null hypothesis and conclude that all population averages are not equal.

(2) Fvalue < Fgicq and p-value > a: The differences between some of the averages are not statistically significant. In this case, it is not possible to
reject the null hypothesis, as there is insufficient evidence to conclude that the group means differ. Therefore, it cannot be concluded that the
population means are significantly different.

Table B1 shows the equations used for initial calculation of sum of square, degrees of freedom, square of means and F factor.

Table B1
Structure and equations for ANOVA
Variation Sum of squares (SS) Degree of freedom Square of means (SM) F value
Factor _ c = _T\2 Vo=0Ci—1 S SM,
Sa =3, ms(%—x) a = §M, = 3 F= SM:
Global _\¢ n )2 Vp =ns— Vi S
So =2 0 Dy (i) b SMy = VI;
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where, n; is the number of experimental data, C; the number of groups, x; the average of each group, X represents the total average, x;; is the F value

representing the analysis factor evaluated to determine if the global parameter variation is greater than the variability of observations for the
parameter analysed.

Appendix C

The dU/dN method was calculated using force and the displacement to capture the strain energy in the specimen, following the equation bellow
[56]:

80 = Omin — Cchin (Cl)
1
Umuno = Epmin(‘smin - 60) (Cz)
1
Ucyc = 5 (Pmax - Pmin)((gmax - ﬁmin) + Pmin(ﬁmax - 5min) (C3)
Uto[ = Umono + Ucyc (C4)

Where, P is the load, & is the opening displacement, C. is the compliance [(8iax — Smin)/ (Pmax — Pmin)], Utot is the total strain energy in the system, Ucy. is
the cyclic work which is applied during a load cycle, Upono is the constant energy, and & is the displacement for which the force is 0.
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