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ARTICLE INFO ABSTRACT
Keywords: The demand to capture translaminar crack growth under fatigue loading scenarios led this work
Open-hole contribution to carry out the Finite Fracture Mechanics (FFM) method in fatigue damage growth

Crack propagation
Intralaminar fracture
Finite fracture mechanics

and the application of the Paris model to generate the translaminar damage propagation pre-
diction. The purpose of this study is to analyse the effect of fibre orientation on translaminar crack
propagation rate using the FFM model, which includes cycle damage increment estimation and
fractographic analysis. The results confirm the feasibility of FFM in predicting crack growth and
estimating life under cyclic loading. However, C-scan analysis and the revised crack propagation
direction are critical in determining the realistic crack length, considering adhesive failure along
the fibre direction. Additionally, this work contribution is also related to the application of the
Paris model (based on dL/dN vs AK) to generate the translaminar damage propagation prediction
model. The most dominant damage mechanism was the splitting pattern, which changed the
aspect of failure for each laminate architecture as a function of fibre orientation. The laminate
with multidirectional fibre orientation exhibited higher resistance to translaminar crack propa-
gation due to the growth of splitting and delamination in multiple directions. The fibre orien-
tation changed the propagation path, which influenced the fracture toughness and crack
propagation rate behaviour.

1. Introduction

The use of laminated composites as a lightweight material in industrial sectors has increased due to the need to preserve natural
resources and reduce CO, emissions [1]. However, this has resulted in a demand for more complex design methods. This demand is
often significant limitation for carbon fibre composite applications, mainly for structural components [2,3]. An example is bolted joint
for attaching multiple parts, where holes in the laminate can act as a raiser, potentially leading to catastrophic failure in this region
[4,5]. These limitations can arise from hole fabrication/drilling [6], exposure to environmental conditions [7], or the mechanical
behaviour resulting from the discontinuity in the fibre created by the hole [8].

Analysing the initiation and propagation of intralaminar damage is a complex challenge in fracture mechanics. Conventional
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methods, such as the stress intensity factor or area methods, may lead to unrealistic results for estimating fracture toughness, as they
depend on the specimen geometry to account for the deformations during the crack opening stage [9]. This problem can be even more
evident during crack propagation, as the damage progression generates more significant deformations that override the real R- and J-
curves [10]. Recent studies have shown that applying tensile loads to notched laminates (i.e., single-edge notch) can reduce errors
caused by other deformation modes for compact tension configuration, such as delamination, compression, and shear [11].

Failure patterns in open-hole configuration laminates typically initiate with matrix cracking, followed by splitting, delamination,
and fibre rupture [12]. Determining the sequence of failure mechanisms is essential to developing an accurate predictive model. The
Tsai-Wu criterion has been found to provide an appropriate relationship with experimental data by incorporating the primary failure
mechanisms, such as tensile and compressive fibre failure and matrix failure [13]. Following the linear fracture mechanics field,
Griffith introduced the energy-based model [14], in which a crack propagates when the energy is greater than or equal to the surface
energy. Subsequently, Irwin [15] established the stress intensity factor (SIF), which has been considered a critical parameter in fracture
mechanics for quantifying the stress field at the crack tip. Paris [16] further developed the failure envelope to describe the relationship
between crack propagation rate and energy dissipation. However, open-hole laminates restrict the application of those models, thereby
limiting their usefulness in assessing damage growth tolerance.

To overcome the aforementioned limitation, Chang et al. [17] formulated an analytical progressive damage analysis methodology
to investigate the tensile failure behaviour of laminated composites with open-hole feature. Their findings revealed a significant in-
fluence of the ply orientation on the damage mechanism and strength of the material. Also, Whitney and Nuismer [18] presented a
novel approach for analysing composite laminates, combining normal stresses and unnotched tensile strength criteria to predict the
residual stress distribution and notch effects. This methodology enables accurate predictions of size effects without relying on linear
elastic fracture mechanics.

The fracture behaviour of laminate open-hole is challenging to study due to the abrupt failure, which hinders damage monitoring
and control. To address this issue, Leguillon [19] introduced energy and stress criteria that allowed the Griffith criterion to a measured
crack size. Following the same criteria, Cornetti et al. [20] proposed a failure criterion within the framework of finite fracture me-
chanics (FFM) framework under quasi-static loading. This model used the critical stress intensity factor and the nominal stress of the
uncracked sample to track fracture propagation and generate a prediction model based on the material properties and geometry.
Similarly, Camanho et al. [20] proposed a method based on a continuum damage model to predict strength and size effects in notched
carbon-epoxy laminates. They identified the size effect caused by hole diameter and the development of a fracture process zone prior to
final failure, conducting the linear elastic fracture mechanics (LEFM) as a feasible approach to address such a problem. The extension
of the FFM for laminates with a central hole was evaluated, where a damage zone exhibits a linear relationship with traction exerted
and crack opening [21]. The FFM approach has been validated for open-hole tensile [21] and open-hole compression [22] under quasi-
static loading. These studies provide valuable insights into fracture behaviour for open-hole specimens, enabling improved monitoring
and control of crack growth associated with stress intensity factor. Following Tserpes et al. [23], The FFM provides a feasible
comparative and preliminary analysis, based on reasonable assumptions about interface properties, to determine optimal solutions in
terms of geometry, components and loading conditions. However, the main challenge lies in the potential extension of the method to
include fatigue loading scenarios. To this end, this work contribution is related to the use of FMM in fatigue damage growth and the
application of the Paris model to generate the damage propagation rate (dL/dN) curve in relation to the strain energy release ratio, and
thus to generate a translaminar damage propagation prediction model under cyclic loading.

Considering the possibility of modelling lifetime estimation based on finite fracture mechanics (FFM), some questions remain, such
as how fibre orientation affect the modelling of translaminar fracture? Using the crack size prediction generated by the FFM model,
would it be possible to design the translaminar crack propagation rate? In order to extend the application of the model to include
fatigue loading and feasibility for different architectures, these issues are important. To answer the above questions, this work aims to
predict the intralaminar crack propagation for open-hole composites under cyclic loading considering fibre orientation effect using
FFM modelling. For that purpose, this work comprises: i) the generation of the SN-curve, ii) inherent characteristic length growth (i.e.,
crack propagation) through cycles, iii) the effect of fibre orientation on stiffness decay and crack growth, iv) the application of the
fatigue failure criterion based on FFM to estimate the cycle damage increment related to the crack propagation rate, and vi) the
fractographic analysis of each composite architecture.

2. Finite fracture mechanics model for open-hole tensile

The FFM model operates on energetic principles, whereby the energy required to propagate the crack size L (characteristic length)
is directly related to the material fracture toughness. The model assumes that the stress at the crack tip, spanning distance L, is
analogous to the stress of the unnotched composite, as given by Eq. (1) [21,24]. Furthermore, the relation of crack size L and the stress
intensity factor is established in the Eq. (2) [24]. By solving the system comprising Egs. (1) and (2), the size of L can be determined for a
given set of critical SIF (Kj¢) and unnotched stress (X7) parameters. This approach provides a persuasive and scientific method for
analysing the fracture behaviour.
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where, L is the crack length, R is the hole radius, o,y (x, 0) is the tensile stress distribution along the x-axis, Xt is the unnotched laminate
strength, Kj¢ is the mode I fracture toughness of the laminate.

In particular, the lay-up of a laminate can induces brittle or pull-out failure modes, and the ultimate failure due to macro-crack
propagation is observed to occur along the transverse direction of the applied load, as supported by previous studies [24,25].
Fig. 1 shows the continuous crack size generated by the damaged region at failure, as predicted by the aforementioned model. In
addition, the stress criterion predicts failure when the average stress over a distance L from the notch exceeds or reaches the strength of
the unnotched laminate. The effective crack length L is dependent on the hole diameter and the remotely applied stress o, required to
create a damage zone that develop the crack length from the hole edge (radius R) [21]. These findings provide a scientific framework
for analysing the failure behaviour of open-hole laminates.

Eq. (3) describes the distribution of tensile stress in front of the hole edge over the distance L in the translaminar direction of
propagation.

Oy (x,0) = 2‘;’0 {2+ (§>2+3(§>4 — (k- 3) {5 (i—e)ﬁ - 7(?)8} } 3)

The stress analysis of an infinite plate containing an open-hole involves the determination of remote stress (o), stress concentration
factor (KY), and the finite width correction factor ratio (1/F,) using Eqgs. (4)-(6), according to reference [22]. For the following
equation, the in-plane stiffness matrix components of the laminate, denoted by A;, are derived by applying the classical lamination
theory defined in the Appendix A, and w is the specimen width.
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Fig. 1. Translaminar cracks failure mode under an opening mode loading.
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The symmetry of the two sides of propagation leads to the definition of the stress intensity factor for a laminate with a central hole,
as shown in Eq. (7). Furthermore, the correction factors F; and F; are explained by Egs. (8) and (9) respectively [21].

K, = 0,F,F)\/7a @)
2 3 4
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where, a represents the hole radius plus crack length (R + L).

The numerical integration method employing Simpson’s rule was used to determine the numerical value of crack length (L) and
solve Egs. (1) and (2). The stress around the open-hole is evaluated, and the inherent crack length for static loading is determined.
However, microcracks generated during the cyclic loading can alter the length of the damaged region and consequently affect the size
of L. A cyclic relationship between crack size per cycle and the corresponding energy of the material is established by subjecting it to a
subsequent series of cyclic loads at constant load amplitude and applying a new static loading until failure, as shown in Egs. (10) and
(11) [26], where N is the number of cycles. The ratio of effective crack length per cycle provides the growth rate of the effective crack
length in the damaged region (dL/dN) as a function of fracture toughness. This relationship enables the creation of a predictive model
for lifetime damage control. This model will also be used to compare the effect of fibre architecture variation. Fig. 2 illustrates the
flowchart of each step and the data obtained at each stage.

1 R+L 1 R+L
7 / 01y (5, 0)dx = X, (N): forX,(N) = / 6, (x, 0)dx = C,N" (10)
R R
Open-hole
specimen
Static tensile Fatigue tensile
test test
Remote stress Remote stress
0, o, (N)
FMM Model

—[ dL/dN , AK,, Ao ]

Fig. 2. Methodology flowchart.
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where, N is the cycle number, C; and n; are fitting parameters.
3. Material characterisation

The current study utilised plain weave carbon fabric Hexcel® HexForce™AGP193-P as reinforcement while the matrix consisted of
the epoxy resin Huntsman Araldite® LY5052 and a polyamines mixture hardener, Huntsman Aradur® 5052. The laminates were
manufactured using the resin transfer moulding (RTM) process. The laminate was cured at a temperature of 24 °C for 120 min at 5 bar,
cured at 100 °C for 4 h and subsequently at 24 °C for 24 h, following supplier recommendations [27]. Two lay-ups were selected: cross-
ply [0/9014s and quasi-isotropic [+45/0/90]2s, corresponding to laminates with a nominal thickness of 2 mm and 50 % of rein-
forcement. As the FFM model was originally developed for UD laminate, the purpose of this paper is to verify the possibility of using
cross-ply and quasi-isotropic configurations and their respective interaction with translaminar fracture. In addition, both lay-ups are
commonly used and provide a significant contribution to the industrial sector [28]. The size of each specimen was 200 x 50 x 2 rnmg,
with a 10 mm diameter hole at the middle of the specimen, following the ratio of width/diameter (w/2R) = 5.0.

The ply elastic properties, including longitudinal and transverse Young’s modulus (E; = Ez = 51.83 GPa), ply shear modulus (G2 =
2.82 GPa), and major Poisson’s ratio (v;2 = 0.064) [11], were measured in a previous investigation following ASTM D3039 and ASTM
D3518 standards. Additionally, the unnotched tensile strength of the laminate was measured using five test specimens following ASTM
standard D-3039. Table 1 presents the effective elastic properties of each laminate, followed by respective unnotched stress.

Testing procedures were conducted using an MTS servo-hydraulic machine with a 250 kN load cell. The first group were the static
displacement-controlled tests for laminates with holes and unnotched in three replicates for each. The static tests were conducted at a
rate of 2 mm/min until de complete fracture of the specimen.

The fatigue tests were carried out on the same machine. The test was performed under load control, with the maximum stress being
85 % of the ultimate stress in the static test. The relationship between the minimum and maximum stresses follows the ratio of 0.1
(6min/06max = 0.1). The frequency used was 7 Hz. A constant amplitude was maintained throughout the fatigue tests.

4. Results and discussions
4.1. Damage region interpretation

In this section, the damage between the plies is incorporated into the proposed model for the damaged region for each material. The
ultrasonic C-scan scheme for specimens under cyclic loading (Fig. 3), where the cross-ply sequence is shown in Fig. 3a and [+45/0/90]
is shown in Fig. 3b. An ultrasonic C-scan image was captured for the pristine/unload specimen before testing, and subsequent images
were taken after cyclic loading. As the number of the cycles increases, the damage area varies between both laminate configurations.

The cross-ply composite exhibits low damage in the transverse direction and shows damage propagation in the same direction of
the applied load, i.e., parallel to the vertical fibres. On the other hand, the laminate [+45/0/90] exhibits the direction of 45° internal
damage propagation. The main failure pattern observed is the splitting [29]. This phenomenon occurs in fibre-reinforced polymers
when a transverse or shear load is applied, leading to fibre displacement relative to the matrix and creating an interlaminar defect
[29,30]. The splitting effect is similar to a wedge, where the composite layers separate, forming a crack that can propagate through the
structure [31]. This process is initiated when the shear stress exceeds the interlaminar strength of the composite, reducing the stress
sufficiently to cause fibre fracture (translaminar propagation) [27].

Liet al. [6] observed that the splitting effect occurs along the fibre orientation, indicating that laminates with a 45° orientation are
less prone to transverse fibre fracture. The failure area mainly involves delamination or splitting in an X-pattern shape. Moreover, the
multidirectional fibres in the laminate [+45/0/90] increase the probability of splitting in different directions, following the fibre
orientation and affect the residual stress degradation significantly different from the cross-ply lay-up. The results presented in Fig. 3a
support the contribution of the fibre orientation to the damage propagation along the laminate.

The measurements of crack propagation considering the addition of the C-scan damaged region during fatigue loading are con-
ducted in this section. The damaged region was measured as an equivalent damage length (D,) in regions with wave attenuation by C-
scan. The equivalent damage length was measured between the initial hole diameter and the edge of the attenuated region. The D,
measurements steps were added in the Appendix B.

Table 1
Composite effective elastic properties.
Laminate Ex Ey Gyy Vxy
(GPa) (GPa) (GPa)
[0/90] 51.83 51.83 2.82 0.064
[+45/0/90] 36.46 36.46 13.59 0.342
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Fig. 3. C-scan considering cyclic loading: a) [0/90] and b) [+45/0/90].

4.2. Mechanical test results

The findings of the mechanical tests conducted on both laminate architectures are shown in Table 2. The unnotched stress results
under static loading for the [0/90] laminate is 764.90 + 15.73 MPa, and for the [+45/0/90] is 513.65 + 31.78 MPa. Meanwhile, the
ultimate stress for open-hole laminates is 488.50 + 12.88 MPa and 408.12 + 5.51 MPa for [0/90] and [+45/0/90] laminates,
respectively. The [0/90] laminate shows a 36 % reduction in strength while the [+45/0/90] laminate shows a 20 % reduction due to
hole insertion. This suggests that the cross-ply laminate is more sensitive to the notch. The low coefficient of variation presented (=
3.74 %) indicates that the specimen exhibited homogeneous behaviour. Therefore, the average values were used to model finite
fracture mechanics.

The equivalent damage length (D), crack length (L), residual remote stress under static loading (6,) and SIF (K¢) are presented in
Table 2. The following trend is observed: as the number of cycles increases, the length of the region affected by microfractures (L) also
increases. The observed trend supports the inverse relationship described in Eq. (1), which states that the tensile strength (¢,) decreases
as the length of the affected region (L) increases. This result can be attributed to the damage caused during load cycling, which in-
creases the crack length and affects the formation of the damaged region. There is also a direct correlation between the inherent crack
length (L) and the stress intensity factor. As the crack length increases, there is a proportional increase in the stress intensity factor (K)
[32,33]. This finding is consistent with Eq. (7), which describes a proportional relationship between K and the crack length (L) of the
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Table 2
Experimental results for both lay-ups.
[0/90]
D, L o Cycles N Kic Xr
(mm) (mm) (MPa) (x 10%) (MPa o+/m) (MPa)
5.00 3.64 488.50 0 71.34 764.90
6.03 3.89 480.86 75 80.05
7.01 4.11 471.72 120 88.71
[+45/0/90]

D, L oy Cycles N Kic Xr
(mm) (mm) (MPa) (x 10%) (MPae+/m) (MPa)
5.00 3.72 408.12 0 59.65 513.65
6.75 3.77 382.75 75 69.41
11.40 3.80 342.00 120 102.28

affected region.

The crack growth, stress decay, and K parameters are affected by fibre orientation, as shown in Fig. 4. The curve shows the remote
stress (Fig. 4a) and the inherent crack length rate (Fig. 4b) as a function of the number of cycles. The standard deviation was captured
based on the variability of unnotched laminate strength values using FFM model. The laminate [+45/0/90] exhibits an abrupt stress
decay compared with cross-ply laminate, indicating a higher sensitivity in residual strength as a function of damage growth for quasi-

a) 800 12
= [0/90] —Fit R: = 0.9347 b) = [0/90]
® [+45/0/90] —Fit R?=0.8885 ® [+45/0/90] (L+D,) = 3.7 x 10-3(N)0063
550 - 104 —FitR?=0.9993 ~
0, = 188.50(N)~000Z . — Fit R?=0.9895 \\
© b
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— 500 -
© e - x
s : — . E 81
= i £
b~ 450 - =
"]
o
» 400 - @
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300 ; ; Y ; r . ; . ; . . . 2 T T T — — T T .
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Fig. 4. a) Ultimate stress versus cycles (N), b) crack length (L) versus cycles (N), c) scheme of the crack length development as a function of cycles,

and d) crack length versus normalised residual stress.
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isotropic plates. The decay behaviour was modelled following the fit of 5, = 408.12(N) % and 5, = 488.50(N)%? for [+45,/0/90]
and [0/90], respectively. In other words, the C; values are 408.12 for the [+45/0/90] configuration and 488.50 for the [0/90]
configuration, meanwhile n; is —0.009 for quasi-isotropic specimen and —0.002 for cross-ply composite. The difference in stress decay
and corresponding constants is related to the higher stiffness of the cross-ply configuration, which presents a higher concentration of
fibres aligned in the direction of load application, keeping the stress close to the initial value even after damage initiation.

The results obtained using both equations are plotted in Fig. 4a and show a negative exponent reflecting residual stress decay due to
cyclic loading induced by damage growth. The cross-ply laminate shows a low stress decay rate (in terms of number of cycles)
associated with high crack growth. This behaviour is attributed to the ability of composites to maintain their structural behaviour even
in the presence of cumulative damage [34,35]. On the other hand, the laminate [+45/0/90] exhibits a high residual stress decay rate
for low crack growth, directly related to the delamination in the stacking sequence and the formation of a larger damaged area caused
during cyclic loading. The relation of the SIF lifecycle was determined experimentally by fitting the values of K; versus number of
cycles, and the reduction provides the following equation: cross-ply Kjc =71 .2(N)°'015 and for quasi-isotropic plates Kjc =
59.19(N)°'031, where the values of Cy and nj are the fitting constants.

Fig. 4b shows the relation between crack size and the number of cycles. In particular, the [+45/0/90] laminate exhibits a low
exponential growth factor of crack length as a function of the number of cycles (L +D) = 3.7  10-3(N)*%53, when compared to the [0/
90] laminate, where (L +D,) = 3.6 ¢ 10-3(N)*%%_ In addition, the multiaxial laminate also exhibits brittle behaviour, but the higher

a) A Load direction

A Load direction

| 90° © =90°
> | I RNy
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FFM crack direction
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b) A Load direction
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Fig. 5. Crack orientation: a) [0/90] and b) [+45/0/90].
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stress suggests that the quasi-isotropic laminate is more sensitive to the presence of damage, particularly in the form of interlaminar
damage [36,37]. Fig. 4c shows the scheme of the crack length development as a function of the cycles, where L; values are extracted
from the static tests and the AL; is captured from the difference between the previous and current cycle number.

The delamination failure mode plays an important role in fatigue fracture analysis [38]. The interface regions between plies are
more susceptible to delamination mechanisms. This is because their mechanical/chemical interaction is weaker than fibre fracture. As
a result, microcracking can occur in the matrix and between the plies during cyclic loading, resulting in stress reduction [39]. The
multiaxial laminate has a higher shear modulus and is therefore more prone to delamination. This is because the interfacial shear is
more rigid and cannot accommodate local deformation, leading to delamination failure [40,41]. Further analysis is carried out in the
fractographic analysis section to assess the impact of the above effect.

Fig. 4d shows the normalised residual stress curve as a function of crack length. In this case, the residual stress is normalised based
on the unnotched tensile stress of each laminate configuration (6,/X7). Considering the experimental data, it is possible to associate an
empirical model of the failure envelope. This model can predict the empirical behaviour of damage progression based on the
unnotched material properties and the generated stress for both laminate architectures, which follows the same trend shown in Fig. 4a
and 4b. The number of data selected is sufficient for the present analysis, considering the linear behaviour of the power law equation
adopted in the double logarithmic curve (Fig. 4d), where additional points would not significantly affect the behaviour of the curve
(constants C;j and n;).

4.3. Crack propagation orientation

The analysis of laminates with cross-ply fibre orientation revealed findings consistent with literature research [21], indicating that
the fracture region is perpendicular to the direction of loading, i.e. translaminar failure behaviour. However, laminates with multiaxial
fibre orientation shows a distinct behaviour, where continuous interlaminar shear and splitting along the fibre orientation formed
under fatigue loading changes the crack direction. It is also important to be aware of the limitations of simplified stress analysis. It
cannot accurately represent the effect of local corner geometry (particularly the angle of opening) [23]. The angle produced by the
effect of fibre orientation is a determining factor to provide the crack direction and proper crack length, as illustrated in Fig. 5. The
fibres oriented at + 45 significantly influenced the crack direction, forcing it to follow the same angle, i.e., 45°.

Considering the fracture patterns resulting from laminate lay-up, it is possible to consider a revised crack length from a geometric
point of view: L” = L/sin(6), where 6 is the angle between the observed crack and the load directions, L is the FFM crack length, and L*
is the revised crack length considering the current crack orientation. Therefore, it is possible to obtain a correction to the previously
proposed Eq. (1) by considering the crack orientation shown in Eq. (12). If the crack is perpendicular to the loading direction, the angle
6 = 90°, and Eq. (12) becomes equal to the equation proposed in ref. [21]. In other words, for cracks perpendicular to the loading
direction, the revised crack length is equal to the FFM crack size (L*= L). However, the revised crack length provides the advantage of
considering new directions of the propagation front.

R+L
/ 6,,(x,0)dx = Xr ¢ L';L" = L/sin(6) (12)
R

By correcting for the crack direction, the values found for cross-ply laminates remain the same, considering that the direction of
propagation is perpendicular to the direction of loading. For the quasi-isotropic laminate, the correction is generated and consequently
all crack size (L) and effective Kj¢ values are modified according to Table 3. As a result of the correction, new relationships between
crack propagation, SIF, stress and cycles are established: (L+D,) = 4.31073(N)*%°, K. = 5572(N)*%®°, (L+D,) =
1.3 103(5,/X7) >'*. The presented model can be applied to different types of delamination, reinforcement and architecture. It
corrects for new mechanical properties using F; and F; factors and predicts crack propagation length behaviour based on experimental
ultimate stress and SIF (K¢) of the new configuration. The proposed FFM model adds a crack direction correction factor consistent with
the fibre orientation used in the lay-up. It is a versatile method to evaluate the translaminar crack propagation for structural composite.

4.4. Paris model approach

The fracture behaviour in open-hole laminates is challenging because the damage occurs suddenly, making it difficult to accurately
monitor its progress [42,43]. However, the FFM model in a cyclic approach makes it possible to create a predictive model for crack
growth in laminates with open-hole. This approach enables the control of damage growth and life estimation. The model establishes a
relationship between the crack propagation rate and the increase in the strain energy ratio (4K), allowing for predicting the remaining

Table 3
Experimental results for quasi-isotropic configuration.
D, L o, Cycles N Kic Xr
(mm) (mm) (MPa) (x 10%) (MPae+/m) (MPa)
5.00 4.37 408.12 0 56.20 513.65
6.75 4.43 382.75 75 67.37
11.40 4.47 342.00 120 103.83
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service life of a component or structure subject to cyclic loading. This method considers the gradual and increasing propagation of L
generated by damage growth over the cycle. The interpolation of the curve in Fig. 3a provides the crack propagation rate (dL/dN). The
Paris law (da/dN = A e AK”) [16,44] was used to formulate the crack propagation rate as a function of the similitude parameter AK,
considering the crack growth rate (a), which is directly related to the crack length (L + D,).

The adjustment in crack direction gives a relation between crack length and stress/energy. The damage propagation rate d
(L*+Da)/dN versus the stress intensity factor rate (AK) is shown in Fig. 6. This analysis created a more realistic empirical power law
model for each laminate configuration, which estimates the damage progression behaviour based on the properties of the unnotched
material and the stress generated by the material. Considering the crack direction, the increase in the size of the damage is inversely
proportional to the residual stress decay. This fit preserves the behaviour observed in the [0/90] laminate, establishing an appropriate
relation between crack size and the residual stress decay in the [+45/0/90] laminate. In addition, the number of data selected is
sufficient for the present analysis, considering the linear section II of Paris curve adopted in the double logarithmic curve (Fig. 6),
where additional points should not affect the behaviour of the curve, i.e., the constants A and f.

Considering the revised crack length direction, the coefficients of the Paris curve also changed, resulting in a more accurate
comparative analysis of laminate architecture considering the damage propagation in an open-hole configuration. For the cross-ply
laminate, shown the Paris coefficients were A = 107V (m/cycle) and p = 5.32. On the other hand, for the [+45/0/90] laminate,
the constants are A = 9-10"* (m/cycle) and p = 3.27, following the correction of damage direction. The quasi-isotropic laminate
presents better control of fatigue damage growth, making it more resistant to damage propagation than the cross-ply configuration.
The quasi-isotropic laminate requires more energy for crack propagation due to the angular relationship between loading and crack
direction, resulting in mixed-mode fracture. This is in contrast to the cross-ply laminate, which exhibits pure mode I translaminar
fracture.

4.5. Fractographic analysis

Based on the predictions and trends presented earlier, a correlation between the failure mechanisms and the experimental analysis
is detailed in this section. Fig. 7 illustrates the % section of the open-hole specimen, defining the mechanism observed during the
initiation of matrix cracking (Stage I), subsequent crack growth via adhesive crack growth and splitting (Stage II), and eventual
propagation of translaminar cracking (Stage III) after fibre isolation and energy threshold are reached [45]. Fig. 7 highlights the
variability in the formation and growth of splitting under cyclic loading as a function of fibre orientation.

During the initial cycles, splitting growth is concentrated longitudinally, with isolated fibres increasing the susceptibility to fracture
(Fig. 7a - [0/90]). On the other hand, the [+45/0/90] laminate exhibits splitting propagation in multiple directions, reflecting the fibre
orientation effect. However, the distributions of stage I and II fracture mechanisms are larger and in X-pattern shape compared to the
cross-ply laminate. This results in a delayed propagation of translaminar cracks. The literature corroborates these findings, as Llobet
et al. [46] reported the absence of catastrophic failure even after high cycle numbers. They suggested that the development of fatigue
damage and splitting reduces the stress concentration and mitigates fibre failure. This trend is also evident in Fig. 8, which displays the
fractured laminates under static and cyclic loading.

Fig. 8a exhibits the cross-ply laminate, with translaminar damage propagation perpendicular to the crack direction, as expected
from the FFM model equations. However, the [+45/0/90] laminate (Fig. 8b) showed a shift in the direction of fracture based on fibre
orientation. This trend is attributed to splitting in the corresponding directions (X-pattern), generating a region more susceptible to
crack growth. At 120 k cycles, the amount of splitting prevented the translaminar fracture (fibre fracture — Fig. 8b) due to internal
damage mechanisms such as fibre detachment and layer delamination. This behaviour indicates a cycle level dependence to create
sufficient delamination and splitting mechanisms to prevent the translaminar fracture.

= [0/90] .
d(L" +D o
@ [+45/0/90] ((d;a)) — 4 x 10-(aK)2%
1\ —
[ ]
—~ 107
[0
)
>
L
E
pd
]
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©
d(L + Da) _ 1 532
( i )_1><10 (AK)
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Fig. 6. Crack propagation rate versus stress intensity factor.
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Fig. 7. Illustration of the development of damage under fatigue loading: a) [0/90] and b) [+45/0/90].

Fig. 9 illustrates the delamination behaviour, as shown by the fracture surface in the thickness cross-section area. Fig. 9a and 9b
show the fracture section of the [0/90] laminate, while Fig. 9c and 9d exhibit the fracture surfaces of the [+45/0/90] laminate. Fig. 9a
and 9b present a dominance of translaminar fracture. Despite the cyclic loading, the laminate configuration maintains the stress
concentration, and the damage propagates perpendicular to the fibres. This phenomenon is typical of laminates subjected to static
loading, where the open-hole strength is governed by the translaminar cohesive law with fibre fracture [47]. In contrast, the [+45/0/
90] laminate demonstrates a predominance of delamination damage caused by the shear mismatch between multi-oriented layers and
cyclic loading. In particular, the second laminate shows a greater dependence on the cycle level, producing a fluctuation between intra
and interlaminar failure modes. Fatigue damage in open-hole specimens is influenced by the progressive growth of splitting and
delamination as a function of fibre orientation [48,49].

Garcia-Carpintero et al. [50] have reported that the material architecture influences the damage mechanisms and fracture
toughness, which are also influenced by the direction of crack propagation. The fracture path in translaminar fracture is non-linear and
follows the zig-zag pattern of the yarn architecture in the direction of the fibre. Woven fabrics are another critical factor, mainly
because of the weft/warp intersection point, which can prevent further crack propagation. The crack will naturally move in the di-
rection with the lowest energy, typically found in adhesive fracture [51,52]. However, propagation could change direction when the
crack front assembles the perpendicular fibres. Thus, additional energy is required each time the crack direction changes [50,53]. This
behaviour is evident in the laminate [£45/0/90], which exhibits splitting formation in several directions, as the multi-directional of
the fibres enhances the likelihood of the crack stopping at the fibre interface and migrating to another splitting region, occasionally
propagating between layers.

The laminate fracture propagation paths for the cross-ply laminate (Fig. 10a and 10b) and [+45/0/90] (Fig. 10c and 10d) showed
different fracture paths for each fibre orientation. The broom pattern observed in the cross-ply laminates is derived from the degree of
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Fig. 8. Damaged composite after static and fatigue loading: a) [0/90] and b) [+45/0/90].

ply splitting, which occurs prior to fibre fracture. This pattern exhibits fractures at the horizontal interface of the plies and longitudinal
splitting with radial marks due to debonding patterns on individual filaments, resulting in fibre breakage at several heights [54,55]. In
contrast, the [+45/0/90] laminate propagates the cracks in a sawtooth pattern that coincides with the orientation of the fibres. The
sawtooth pattern consists of notches corresponding to longitudinal fractures of the bias plies, presenting an angular variation of 45°.
This angle can be deduced from the parallel direction of the fractures in each bias ply. The tortuosity of the [+45/0/90] laminate
propagation path is directly related to the prevention of damage propagation, resulting in the interaction of failure mechanism modes
[56].

5. Conclusions

The open-hole tensile fatigue test was experimentally investigated for two lay-up configurations. From the experimental study, the
following conclusions can be drawn:

e C-scan analysis and crack propagation direction revision proved to be key approaches in determining the most realistic crack
growth behaviour for multidirectional lay-up;
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Fig. 9. Fractured surface (thickness section): a-b) [0/90] and c-d) [+45/0/90].

e This work contribution is also related to the application of the Paris model (based on dL/dN and SIF for each cycle) to generate the
damage propagation rate curve in relation to the strain energy release ratio and thus generate a translaminar damage propagation
prediction model.

e The study focused on damage mechanisms in [+45/0/90] composites during cyclic loading, emphasising splitting as the main
damage pattern. In addition, quasi-isotropic laminates showed superior control of crack propagation rates due to their ability to
reduce residual stress and exhibit mixed-mode fracture behaviour resulting from the angular relationship between load and crack
orientation.

e The cross-ply laminate exhibited a broom pattern attributed to the transverse splitting prior to fibre fracture. Conversely, the [+45/
0/90] laminate showed a sawtooth pattern in the propagation path, directly influenced by the fibre orientation.
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Fig. 10. Fractured surface (width section): a-b) [0/90] and c-d) [+45/0/90].
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Appendix A

Following the classical laminate theory (CLT), Eq. (A1) shows the stiffness matrix (A), bending-extension coupling matrix (B), and
bending stiffness matrix (D) associated with the in-plane force vector N = [Ny, N, ny]T and bending moment vector M = [M,, M,,
Myy] T, both related to the in-plane strain vector € = [y, €, sxy]T and curvature vector k = [ky, ky, Kxy] T, shown in Equation:

N, Ay Ap Ag Ex Bii B Bis
Ny p=q Ay Apn Ay & o+4q Bu Bn By )
Ny Ais Ax  Ags Ty Bis By Bes

Kxy

M, Byy B B & Dy Dy Dis
M, » =< By By By & >+ Dy Dy Dy y
M., Bis By Bes Yy Dis Dy Degs

The relations between these properties and the elements of the matrix A are given by:

E,
Ay = 1
—Vi2Vai
A, = vinEy
2=
1 —vipvy
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E
Ap = (A4)

1 —vipvy

Ag = G2 (A5)

After calculating the elements of matrix A for each individual laminate, we can determine the equivalent laminate properties. The
equations to calculate these equivalent properties in terms of the elements of matrix A are as follows:

1
Z(Alltl +Aph) (A6)
1
Z(Alztl +Ant) (A7)
1
Gp = ;lAeo (A8)
—Ap
= A
Vi2 An (A9)

where, h is the total thickness of the laminate, t; and t; are the thicknesses of layers 1 and 2 respectively.
Appendix B

Fig. Al shows the procedure to measure the equivalent diameter (D,) from C-scan images using ImageJ software. The First image
shows the C-scan image, and provide the scale based on the width section (50 mm). The second one was applied threshold colour to
filter the blue areas (regions in which there is delamination), which was in the range of 129-185. Then the image was converted to 8-
bits RGB coloured, so we keep the colour but provide a simpler weave to work with threshold. The following step was applying the
second threshold to highlight the red region and remove the rest. Based on the black dots, it was possible to measure the equivalent
area, which was associated with the area of the circle, as shown in the las image (equivalent diameter of delamination fracture).

o-g-B-i

C-scan image Threshold for Convert image 2° Threshold Relative area Equivalent
RGB Scale 129-185 for 8-bits RGB for highlighted associated with diameter of
(blue regions) areas circle area fracture

Fig. Al. Sequence of equivalent diameter measurement from C-scan images.
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