<]
TUDelft

Delft University of Technology

Characterization and analysis of the mode | interlaminar fatigue behaviour of
thermoplastic composites considering R-curve effects

Lecifana, I.; Renart, J.; Turon, A.; Zurbitu, J.; Tijs, B. H.A.H.

DOI
10.1016/j.engfracmech.2023.109273

Publication date
2023

Document Version
Final published version

Published in
Engineering Fracture Mechanics

Citation (APA)

Lecifana, I., Renart, J., Turon, A., Zurbitu, J., & Tijs, B. H. A. H. (2023). Characterization and analysis of the
mode | interlaminar fatigue behaviour of thermoplastic composites considering R-curve effects. Engineering
Fracture Mechanics, 286, Article 109273. https://doi.org/10.1016/j.engfracmech.2023.109273

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.engfracmech.2023.109273
https://doi.org/10.1016/j.engfracmech.2023.109273

Engineering Fracture Mechanics 286 (2023) 109273

Contents lists available at ScienceDirect

Fracture Me| \ ics
Engineering Fracture Mechanics 7 i

pssir : >
ELSEVIER journal homepage: www.elsevier.com/locate/engfracmech

Check for

Characterization and analysis of the mode I interlaminar fatigue ity
behaviour of thermoplastic composites considering
F-curve effects

I. Lecifiana ®", J. Renart™", A. Turon", J. Zurbitu®, B.H.A.H. Tijs ©%"

# IKERLAN Technology Research Centre, Basque Research and Technology Alliance (BRTA), Gipuzkoa, Spain
® AMADE, Polytechnic School, University of Girona, Girona, Spain

€ Fokker/GKN Aerospace, Papendrecht, The Netherlands

4 Faculty of Aerospace Engineering, Delft University of Technology, Delft, The Netherlands

ARTICLE INFO ABSTRACT
Keywords: Through the application of innovative production processes, thermoplastic composites might help
Fatigue characterization the aviation industry become more sustainable. However, there is currently not much experi-

Fibre bridging
Resistance curve
Fatigue cohesive zone model

mental understanding on the fatigue behaviour, and validated analysis methodologies on ther-
moplastic composites are rather limited. In this work, the fatigue onset and propagation
interlaminar properties of AS4D/PEKK-FC thermoplastic composite were characterized under
mode I loading. Testing costs were reduced by using a multi-fatigue testing rig that allows loading
6 specimens at the same time. The offset in the fatigue crack growth rate curves tested at different
severities was explained by the fatigue .77-curve effects. The offset was modelled by means of
superposed fatigue cohesive laws. Different approaches on how to consider fatigue damage were
compared with experimental data, giving an insight on how fatigue damage evolves, and
developing a novel modelling strategy based on a robust method for fatigue model parameter
identification for fatigue delamination when several failure mechanisms interact.

1. Introduction

Thermoplastic composites may enable a more sustainable aviation industry using new manufacturing techniques. New generation
of thermoplastic resins, such as the Poly (Ether-Ketone-Ketone) (PEKK) have an increased crystallization rate and lower the melting
temperature compared to other high performance thermoplastics, benefiting cost-efficient and high-volume manufacturing. In
addition, thermoplastic polymers have better damage tolerance to impacts and better environmental and solvent resistance than
thermosets [1], because of their improved fracture toughness and more ductile behaviour.

One of the key points in the analysis of structures for the transportation sector is to have reliable data under service conditions. In
composite structures, having information about the interlaminar properties under cyclic loading is crucial for an accurate estimation of
the service life of the component. However, the amount of work done in fatigue with thermoplastic composites is rather limited and
mainly concern the PEEK in mode I [2-6]. There is no available data for AS4D/PEKK-FC under fatigue. The only available data is the
work from Tijs et al. [7] focused on the analysis of PEKK-FC [8] under static loading. The results of Tijs et al. work [7] shows that the
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material exhibits a significant amount of fibre bridging during the fracture process and a strategy based on a multilinear cohesive law
was proposed to simulate the static fracture. However, it is observed that in fatigue, the fibre-bridging has a strong influence on the
crack growth rate curves [6,9-13] and there is limited work in the literature to simulate this influence.

To reduce costs during the certification processes, it is of great interest to substitute some of the upper part of the testing pyramid by
analysis methods and simulation strategies such as virtual testing [14]. For that propose, predictive tools must be capable of accurately
modelling the failure mechanisms.

Carreras et al. presented a global fatigue cohesive zone model (FCZM) base on Paris law equations that proved to yield consistent
predictions for a 3D thermoset structure [15]. The model is based on the concepts of crack growth driving direction and evaluation of
mode-decomposed energy release rate [16,17]. A sensitivity analysis made in [18] concluded that this model is insensitive to the static
cohesive law and only dependent on the fatigue crack growth equation with which is fed. This implies that a) fatigue onset response is
not correlated with experimental data and b) if the fatigue crack growth behaviour of the material is influenced by its resistance curve
(#-curve), as it is the case in AS4D/PEKK-FC material [7], specific experimental data regarding the crack growth law in non-fully
developed regimes should be provided.

Alternatively, Davila et al. developed a local CZM inspired on S-N curves [19,20] that links the damage rate dD/dN to the static
cohesive law. Additionally, a robust fatigue parameter determination method was developed in [21], that allows determining the
model fatigue inputs from fatigue onset and propagation characterization data. The predictive capabilities of the model in conjunction
with the parameter determination method was validated in a 3D thermoset benchmark test, showing potential to intrinsically account
for effects that modify crack propagation curves such as adherent thickness or .%-curve effects.

In this work, the fatigue onset and propagation behaviour of a AS4D/PEKK-FC thermoplastic composite under mode I loading is
characterized, including fatigue .%7-curve effects. The influence of the .%7-curve under fatigue loading is evaluated by means of a fatigue
cohesive zone model [20], focusing on how the combination of different failure mechanisms such as fracture, plasticity, and/or fibre
bridging have an impact in the fatigue .%-curve effects. As a result, a modelling strategy that considers .%-curve effects in both static
and fatigue response is proposed extending the multilinear cohesive law presented by Tijs et al. [7].

2. Experimental methodology
2.1. Material properties

The material used in this work is the Solvay (formerly Cytec) APC (PEKK-FC) thermoplastic polymer prepreg which consists of a
fast-crystallizing thermoplastic matrix of poly ether-ketone-ketone commonly referred to as PEKK-FC, reinforced with a continuous
unidirectional AS4D fibre with a nominal ply thickness of 0.138 mm. In Table 1 the elastic and interlaminar properties used in the data
reduction are summarized, for more information, the reader may refer to [7].

2.2. Specimen design

An AS4D/PEKK-FC laminate that consists of 30 unidirectional plies was manufactured through autoclave consolidation and
specimens for mode I fatigue tests were machined. The specimens were designed to be 25 mm wide and 225 mm long. Due to the high
melting temperature of thermoplastic composites, a 12.5mu thick UPILEX foil (60 mm long) was used as insert to start the crack.

2.3. Fatigue tests

A fatigue testing campaign was performed to obtain onset and crack growth rate curves in mode I at AMADE testing facilities of the
University of Girona (UdG). The tests were run under displacement control at a displacement ratio of Rq = Spin/Smax = 0.1 and test
frequency of 5 Hz. The run-out was set to 2:10° cycles. The tests were performed in laboratory conditions at 23 + 2 °C and at a RH of 50
+ 5 %.

To reduce the testing times, the fatigue tests were carried out in a multi-fatigue test device capable of testing 6 specimens in parallel
at the same time [22] as shown in Fig. 1. The same displacement was applied to all the specimens, but the load was measured indi-
vidually by 2 kN load cells.

During the test, the load and displacement of each specimen were recorded at a frequency of 100 Hz with an external system from
HBM (model Quantum MX1615), having 20 points per cycle. For each cycle, the dynamic compliance (C) was computed from the
linear regression between the load and displacement data points of each cycle. The crack length (a) at each cycle was estimated by

Table 1

AS4D/PEKK-FC thermoplastic composite elastic and static interlaminar properties at room temperature [7].
Property Description Value Unit
Eqe Young’s modulus, fibre tensile direction 138,300 MPa
Eor Young’s modulus, matrix tensile direction 10,400 MPa
Gi2 = Gi3 Shear modulus 5190 MPa
Diei Mode I interlaminar fracture toughness, initiation 0.7 kJ/m?
Z e Mode I interlaminar fracture toughness, propagation 1.12 kJ/m?
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Fig. 1. Multi-fatigue test device capable of testing 6 DCB specimens in parallel [22].

relating C to a from a series of compliance calibration tests [22]. The compliance calibration tests consist of loading and unloading the

specimens at different crack lengths before the cyclic tests. An scheme of the procedure is shown in Fig. 2, where the same specimen is

loaded until Py, at the following crack lengths: a, (Fig. 2, (1)), a, — 4 mm, a, - 8 mm, a, — 12 mm, and a, - 16 mm (Fig. 2, (2)). To

facilitate the attachment and detachment of the loading blocks to the specimen, mechanical side clamped blocks were used [22,23].
The crack length was estimated through specimen compliance:

C'? =m(a+A) (€D)]

where A is the crack length correction [1], and m the slope of the curve.
The specimens were tested at the same displacement ratio (Rg) but at different levels of the maximum initial energy release rate (%
maxo) by changing the initial crack length of each specimen (ap):

2 1/4
ap = (&) —A )

2Bm3 glmaxo
where, 5pmax is the maximum displacement applied and B the specimen width. The energy release rate was computed at each cycle by
the Corrected Beam Theory data reduction method:

3Ps
=" 3
Y17 2Ba+A) 3

where the & nax and & i were obtained from § = Spax and P = Ppay, and § = Spin and P = Ppy, respectively.

(1) ap cl/3

Omax § I:’ | a

Fig. 2. Dynamic compliance calibration test procedure.
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For more details about the test rig and data reduction procedure, the reader may refer to [22].

3. Numerical methodology

This section describes the numerical strategy to account for fatigue .%-curve effects. First, an approach to capture fatigue .%-curve
effect is proposed, in which experimental fatigue onset and propagation data is synthesized into four experimental constants for each
test. The static fracture is modelled by superposing multiple cohesive laws that capture the static .%-curve effect [7]. Then, several
strategies to accumulate fatigue damage are discussed considering the physical representation of each of the superposed cohesive law.
The fatigue parameters for each damage accumulation strategy were set to accurately capture the four experimental fatigue constants
taking a single experiment as reference. Finally, a modelling strategy that considers static and fatigue .%7-curve effects is proposed after
evaluating the fatigue damage accumulation strategies based on the global modelling accuracy of all the fatigue tests.

3.1. Fatigue cohesive zone model formulation

The CF20 FCZM [20] is built in a static CZM formulated by Turon et al. [24] that can accurately predict delamination onset and
growth under variable mixed-mode loading conditions. The model consists of a bilinear traction-separation softening law that relates
the mode equivalent traction (t) to the mixed-mode equivalent displacement jump A as a function of a damage variable d (Fig. 3a).
Damage initiation is related to the interfacial strength of the material 7y by a penalty stiffness K, which value gets decreased as the
damage variable evolves:

7= (1—-d)K\ “@

The dissipated energy per surface area during the damage process is bounded by the fracture toughness of the material, G¢, which is
equal to the area under the traction-separation law. The energetic damage variable D quantifies the ratio between the energy dissipated
per surface area and the fracture toughness 2 ¢. It is related to the stiffness damage variable d by:

D¢

= Dic+ (1- Do

5)

The parameters that define the mixed-mode cohesive law are calculated locally as a function of the Benzeggagh and Kenane
interpolation criteria [25], pure-mode properties, and the local mixed mode ratio B. Thermodynamical consistency is ensured thanks
to the mode-dependent penalty stiffness definition developed in [24].

To account for fatigue damage, the S-N curve based fatigue CZM presented by Davila et al. [20] is implemented in the static CZM.
This way the static cohesive law becomes the envelope of fatigue damage: Even if the displacement jump of a material point is lower
than the static onset value, damage is accumulated because of fatigue loading (Fig. 3b from point A to F). When reaching point F, the
material point will catastrophically fail because of load-carrying inability. Both fatigue onset and propagation can be modelled using
pointwise information (at integration point level). The fatigue input parameters of the model are the relative endurance limit of the
material under mode I fully reversed loading (¢), the brittleness parameter () and the nondimensional material dependent coefficient
(p). e influences the slope of both S-N curves and fatigue propagation laws. 5 accounts for the fatigue resistance rise that some materials
exhibit during the low cycle fatigue. p has an impact on the Paris law coefficient C and in the fatigue onset. To account for the stress
ratio R and the mode mixity B, the endurance limit (E) is derived as a function of the Goodman relation:

2C.e
E =
Cie+ 1+ (Cie— DR

(6)

where C; = 1 - 0.42B.
The fatigue damage accumulation function is defined by the local displacement jumps, 4, and model fatigue input parameters:

a) T b) T
A A
To[ 7 Tp B
Unstable
N .
pge /S T
L
~
| Aa-dk a-pg S
/ Y
N
) >~ ] F I >
2 1 it o A7

Fig. 3. A) representation of the bilinear cohesive law used in the formulation for a fixed mode ratio[24] b) fatigue damage accumulation under
subcritical traction.
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where D is the energetic damage variable, A" is the equivalent displacement jump that would onset static tearing, and y is the number of

cycles at which infinite live is considered.
To increase efficiency in fatigue crack growth calculations, load envelope strategy was implemented. The cycle jump per iteration,

AN, was calculated:

AN:& 8

Dy,
max {—O'N‘"" }
jecz
Dray

where AD,,, is the maximum damage increment allowed by the user and mg)z({a N
je

} is the highest fatigue damage rate of all the

integration points j undergoing damage, i.e., in the cohesive zone (CZ), in the previous iteration. This way it is ensured that no material
point exceeds the maximum allowable damage increment per iteration.

More detailed information of the formulation can be found in references [19,20]. The static and fatigue constitutive models were
implemented in a user defined material subroutine for ABAQUS STANDARD (UMAT).

3.2. Characterization of the fatigue response

Experimental data of both fatigue onset and propagation was reduced with the characterization of four fatigue constants:

On the one hand, the load-displacement data until fatigue onset was fitted to a power law equation to represent fatigue onset
information:

o 05

e 04 (Noos) (C)]
where § and F are the displacement and the reaction force at the loading point of the specimen, O4 and Op are the fitting parameters,
and Nj o5 is the number of cycles that ranges from 1 until fatigue onset. 5% of compliance increase is taken here because, from the
authors experience, it typically ensures full development of the process zone. Especially for relatively ductile polymers and in in-
terfaces with non-neglectable fibre bridging, it is of great importance to capture the damage development before the onset of a crack.
Each data point of the loading displacement curve represents the maximum traction point of each fatigue cycle.

On the other hand, the high cycle fatigue response is described by relating the crack growth rate da/dN to the maximum strain
energy release rate Z.:

da Zoax(1=R)\"
= C S 10
dN ( Ze (10

where m and C are the Paris law constants and R is the displacement ratio imposed during the test (R = g—, where 5, and 5y« are de

minimum and maximum displacements of the cycle, respectively).
3.3. Fatigue damage accumulation strategy

The resistance curves characterized in [7] proves that AS4D/PEKK-FC material starts developing damage at significantly lower
values than the propagation fracture toughness, 2 ,. Therefore, even if a structure is subjected to subcritical fatigue loading, a
material region may be statically damaged before the fatigue damage evolves. Consequently, if non-pre-cracked characterization
specimens are subjected to different subcritical fatigue severities, different crack growth laws will be obtained due to the different
damage fields within the cohesive zone and the subsequent non-self-similar fatigue damage propagation. This is an example of how
#-curve effects may have an impact in the fatigue damage onset and propagation behaviour.

To evaluate the capability of the CF20 FCZM [20] to consider the .%-curve effects in the fatigue response, mode I fatigue tests of
specimens starting from insert were analysed as a case study. In many applications, a simple bilinear cohesive law can accurately
predict crack propagation. However, since various damage mechanism act together in the AS4D/PEKK-FC composite, multiple su-
perposed bilinear cohesive laws (CL) are needed to capture the contribution of the different damage mechanisms. This way, the in-
tegral of the cohesive law envelope that results from the addition of the multiple superposed cohesive laws correlates with the %-curve
of the material. For the AS4D/PEKK-FC material, the static parameters of each superposed cohesive law were determined in reference
[7] (Fig. 4), following the inverse data reduction method based on static load-displacement curves [26,27]. In this study, a total of 5
superposed cohesive laws were used and the static cohesive parameters determined for each cohesive law are defined in Table 2. The
shape of the different cohesive laws (CL) and the resulting cohesive law envelope are plotted in Fig. 4. A zoom of CL 4 and 5 was done
for a complete overview all the mode I CLs.

The fatigue parameters were determined by correlating the models fatigue response to a single fatigue severity test under mode I
loading by following the methodology proposed in [21]. Different fatigue severities were simulated leaving the fatigue input set
unchanged. The fatigue onset and propagation response were correlated against experimental data as validation case study (Table 3).
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Fig. 4. Multi linear cohesive law resulting from the superposition of the 5 cohesive laws to model .%-curve effects such as large-scale fibre bridging.

Table 2
Definition of the superposed static cohesive laws (CL).
CL1 CL2 CL3 CL4 CL5
7 j0: Mode I static strength [MPa] 62 20 5.5 0.5 0.2
Kj: Mode I penalty stiffness [N/mm?] 1E6 4.5E5 9.17E4 1.67E4 3.33E3
Z1c: Mode I fracture toughness [N/mm] 0.28 0.25 0.25 0.1 0.24

Table 3
Mode I specimens tested and simulated under different severities.
Specimen Crack-length [mm] Severity (% max/ % 1c,p) [-] Objective
19-0815 32.05 0.43 Validation
19-0816 33.4 0.38 Validation
19-0817 35.93 0.30 Validation
19-0818 38.05 0.24 Fatigue parameter determination
19-0819 42.97 0.14 Validation

The numerical features and boundary conditions of the models are presented in Table 4.

There are few works in literature that analyse how fatigue damage should be modelled in superposed linear FCZM [28-30]. In all
these approaches the same values of the fatigue parameters were used among the different superposed cohesive laws, assuming that all
the failure mechanisms that contribute to the .%2-curve follow the same fatigue accumulation law. However, no physical evidence was
followed for this assumption. In fact, Yao et al. stated that there is sufficient evidence that the bridging created in static delamination
growth is significantly different from that in fatigue delamination [11]. In this work, different modelling approaches were explored to
learn which is the most convenient way to induce fatigue damage in superposed FCL to accurately consider fatigue .%-curve effects.

In a first step, the same the fatigue parameters were used in the different superposed cohesive laws (Table 5).

In a second step, fatigue damage was deactivated from the two cohesive laws that represent the toughening effects of low density

Table 4
Numerical features of the numerical models.
Parameter
l.: Cohesive element length 0.1 mm
Elements in sub-laminate thickness 8
Element type in beams CPE4 (Abaqus 6.14-2)
Ady: Fatigue damage target per equilibrium iteration 1E-2
Solver Newton — Raphson NLGEOM static
Cohesive element COH2D4 + UMAT subroutine
Maximum displacement 2 mm
Minimum displacement 0.2 mm
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Table 5
Fatigue law superposition architecture 1 to model the .%-curve effects.
Fatigue parameter FCL1 FCL2 FCL3 FCL4 FCL5
€ € € € &€ €
p p p p p
n Na na Na Na Na
Table 6
Fatigue law superposition architecture 2 to model the .77-curve effects.
Fatigue parameter FCL1 FCL2 FCL3 FCL4 FCL5
€ € € € - -
p p p - -
1 A S na - -
Table 7
Fatigue law superposition architecture 3 to model the .%-curve effects.
Fatigue parameter FCL1 FCL2 FCL3 FCL4 FCL5
€ € € € - —
p p p - -
n 1 A ] - -

long fibre bridging [31] (lower strength values), assuming that under subcritical loadings its fatigue dissipation energy is negligeable
(Table 6).

In the last step, the fatigue parameters were allowed to be independent in each superposed cohesive law. It was assumed that the
distinct failure mechanisms involved in the .%-curve may follow dissimilar fatigue damage development. Allowing different fatigue
parameter values in each fatigue cohesive law (FCL), an accurate transition between static and fatigue .%#-curve effects could be
achieved. However, since each FCL is determined by 3 fatigue parameters (¢, # and p), and there are 5 superposed FCL, a total of 15
fatigue parameters must be determined as a function of only 4 experimental fatigue constants (04, Og, m and C). To reduce the number
of fatigue parameters, the same value for ¢ and p parameters were used in all the FCL, assuming that these parameters represent the
global effect of several failure mechanisms acting together. To apply different fatigue damage rates, the brittleness parameter (1) was
varied among the cohesive laws. In the FCL with higher strength,  was set equal to 1 because it represents the quasi-brittle fracture of
the matrix [29,32]. This way, 4 fatigue input parameters must be determined (¢, p, 74 and ) as a function of the 4 experimental fatigue
constants (04, O, m and C) (Table 7).

3.4. Determination of the fatigue parameters

Once the problem was defined, the robust fatigue determination method [21] was implemented for each of the proposed cohesive
law superposition architectures. The flow chart in Fig. 5 condenses the main features of the methodology.

First the design space is bounded by defining an allowable range for each fatigue input. When defining the range, a compromise
between sample size and uncertainty whether the optimal combination is within the limits must be considered (Table 8).

Then, the design space is discretized following a Latin Hypercube Design (LHD) algorithm because of its space-filling and non-
collapsing capabilities [33,34]. Having a smoothly sampled design space is crucial to accurately capture the gradients of the non-
linear response of the model. The optimal number of design points depends on the non-linearity of the problem. In this case study
an initial size of 300 samples was set.

A simulation for each sample point was run with the parametric numerical model, and its fatigue response was reduced to the
fatigue onset and propagation constants (O4, O, m and C). A surrogate metamodel was then built for each of the fatigue constants,
where the interpolation between the calculated sampled points was established. Gaussian Process based Kriging metamodeling [35]
was used for this purpose, being able to estimate the fatigue response of the model for a given set fatigue inputs within the problem
boundaries, without the need to compute the numerical solution. The accuracy of the metamodel depends on the sample density and
the nonlinearity of the response. Before using the metamodel as a predictive tool for the optimization process, a minimum accuracy
was ensured following a Leave-k-out verification method.

During the optimization process, a multi-objective genetic algorithm (NSGA-II) [36] was used to find the pareto optimal solution.
Finally, the optimum fatigue parameter combination was found within the pareto front after a global error minimization is conducted,
selecting the optimal fatigue parameter combination that fits best the experimental fatigue constants:

{Cabj - Cpredwled | |moh/ - mpred[fled! |0th/ - 0Apred[r.‘led| }OBoh_/' - 03/7;‘edi¢'xed|
y= +10e +

+10e

obj Mobj OAobj Aobj

an

where y is the objective function to minimize, obj subindex stands for the experimental fatigue constants and predicted subindex refers
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Fig. 5. Flowchart to determine fatigue parameters of the FCZM based on fracture fatigue data [21].

Table 8
Design space bounds for the determination of the fatigue parameters of the FCZM.
Fatigue parameter Lower bound Upper bound
€ 0.0025 0.25
p —-2.5 2.5
A 0.75 0.95
B 0.6 0.8

to the predicted values by the metamodel for the input parameter set in each step during the optimization. Since the m and Ogp pa-
rameters are exponents in eq. (9) and eq. (10), their error was multiplied by a weight of 10 during the global error minimization
because its sensitivity in the fatigue response is greater. To see further details of the fatigue parameter method, refer to [21].

4. Experimental characterization

In this section, the characterization of the AS4D/PEKK-FC thermoplastic under fatigue loading is presented. The fatigue onset was
evaluated by measuring the number of cycles at which the dynamic compliance of the specimen increased as a function of the
maximum strain energy release rate (% ,,«). Three criteria have been taken into account: a 1% and a 5% increase in the compliance, as
proposed in the ASTM standard [37], and an intermediate value of a 2% increase [22]. The fatigue propagation was measured by
fitting a function of 2« (Eq. (10)) to the crack growth rate.

In Fig. 3 the onset curves of two series of tests with the same type of specimens are plotted: i) tests run directly from the insert; and
ii) after a quasi-static pre-crack of 10 mm.
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For the same number of cycles, a higher energy release rate is needed to onset the propagation in the tests carried out from the pre-
crack (Fig. 6a). The results of the static tests and its micrography, which were reported in [7], shown that this material exhibited plastic
deformation and a large amount of fibre bridging. After pre-cracking the specimens, the fibre bridging was fully developed increasing
the toughness of the interface, passing from Z7.; = 0.7 to &, = 1.12 N/mm. Therefore, if both i) and ii) series of tests are normalized
by the propagation fracture toughness (), the tests run from pre-crack shown a better fatigue onset performance. However, if .
is rated from the insert tests by G ; and Gpqx from the pre-cracked tests by Gy, it is observed that, for this material, all the values fall on
the same onset curve (Fig. 6b). Therefore, it can be concluded that the fatigue onset behaviour (£, vs N) can be collapsed in a single
curve if experimental data is normalized by the .%#-curve (£ e/ Z1c.2 vs N) as a function of the delaminated length, Z¢c » = f(a — ao).
This is because the fatigue onset is dependent on the failure mechanisms active in a material point. In the tests from insert, the material
was undamaged at the beginning of the test, in contrast, failure mechanism such as fibre bridging, and plastic deformation were
already developed in the tests from pre-crack.

If the fatigue onset behaviour of the AS4D/PEKK-FC thermoplastic is compared to a high-performance thermoset [22], both fatigue
onset performance are similar proportionally to their fracture toughness. Therefore, the fatigue onset performance of the thermoplastic
is higher compared to a thermoset since its fracture toughness is higher. Moreover, when additional failure mechanisms are active in
the thermoplastic material, its fatigue onset resistance increases.

In Fig. 7., the crack growth rate curves from the specimens tested from the insert and pre-crack are plotted. This does not result in a
single curve, but in several parallel curves between tests performed at different severities. This behaviour is typically observed when
having fibre bridging in the results [ 10-13]. For each curve, two phases are clearly identified: a fast crack growth rate region during the
first cycles, and a constant crack growth following the Paris-law relationship. These features were both observed in tests run from insert
and from pre-crack.

As in the fatigue onset behaviour, tests run from pre-crack experienced a higher fatigue propagation resistance compared to tests
run from insert: for the same imposed strain energy release rate, faster crack growth rate was observed in the tests run from insert. An
offset in both Paris’ law coefficient C and exponent m was observed if applied strain energy release rate 4 is normalized by the
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Fig. 6. Fatigue onset tests run from insert and from pre-crack, a) normalized by the
toughness and propagation toughness respectively.

T

propagation toughness and b) normalized by the initiation

b ‘ ' -
a) 10 Y Propagation from insert, 0.43 severity i ) 101 E Propagation from pre-crack, 0.43 severity i
Propagation from insert, 0.38 severity Propagation from pre-crack, 0.38 severity
Propagation from insert, 0.30 severity | - Propagation from pre-crack, 0.30 severity
102 H Propagation from insert, 0.24 severity i 102 Propagation from pre-crack, 0.24 severity i
Ty Propagation from insert, 0.14 severity - Propagation from pre-crack, 0.14 severity ; :
t Propagation from insert, 0.09 severity T. Propagation from pre-crack, 0.09 severity . .\
P 107 F REz 3 B 107 F : = E
S} “ * 3} 5 -
= g
é 10 4 é 10 E |
3 ] §[Z 105t E
108 10°¢
107 . . . . 107 | | |
0.1 0.2 03 04 05 086 0.1 0.2 0.3 0.4 0.5 06
Guaz(1-R) [] Gz (1= R) _]
Grop Grey

Fig. 7. .%-curve effects in fatigue propagation tests run from a) insert and b) from pre-crack, normalized by propagation toughness.



I Lecinana et al. Engineering Fracture Mechanics 286 (2023) 109273

Propagation from pre-crack, 0.43 %ERR Propagation from pre-crack, 0.43 %ERR
Propagation from pre-crack, 0.24 %ERR + . - Propagation from pre-crack, 0.24 %ERR *
Propagation from pre-crack, 0.14 %ERR 4 : *  Propagation from pre-crack, 0.14 %ERR . i
10-2 1 Propagation from insert, 0.43 %ERR + _l 10-2 +  Propagation from insert, 0.43 %ERR + + N
+ Propagation from insert, 0.24 %ERR : +  Propagation from insert, 0.24 %ERR : =
+  Propagation from insert, 0.14 %ERR - i~ +  Propagation from insert, 0.14 %ERR Yt

[mm/cycle]
>
18
:

da .
& [mm/cycle]

AN

da

0.4 05 086 0.1 0.4 05 086 07

Fig. 8. Comparison of .%-curve effects in fatigue propagation tests run from insert and from pre-crack, a) normalized by propagation toughness,
Z1cp and b) normalized by the .%-curve as a function of the delaminated length, Zic » = f(a — ag).

propagation fracture toughness 2, (Fig. 8a). If the applied strain energy release rate 2,4 is normalized by the .%-curve as a function
of the delaminated length, Zc »» = f(a — ao) (Fig. 8b) [6,38], the propagation curve of tests run from insert collapsed over the tests run
from pre-crack but they still showed divergence in the slope of the propagation law (exponent m), evidencing higher crack growth rate
in tests run from insert. This divergence may be attributed to the fact that fracture process zone evolves under fatigue loading con-
ditions during the propagation tests run from insert. Therefore, since failure mechanisms such as plastic deformation and fibre bridging
are developed under fatigue conditions, the .%-curve effects may be different compared to the ones tested from a statically developed
fracture process zone. These results are coherent with the work reported in [10], where different fatigue propagation curves were
obtained in specimens that exhibited fibre bridging, propagating at higher crack growth rate tests run from fatigue pre-crack compared
to tests run from static pre-crack. Also, the curves obtained from different severity did not collapse in a single curve.

To compare the fatigue propagation behaviour of AS4D/PEKK-FC thermoplastic with a high-performance thermoset [22], both
fatigue propagation behaviours are similar proportionally to their fracture toughness. However, if 2, is not normalized by the
toughness of the material ¢ »», AS4D/PEKK-FC thermoplastic show a slower crack growth than thermosets at the same Z',y.

5. Numerical modelling
5.1. Verification of the fatigue parameter determination method

After applying the fatigue parameter determination method described in section 3.4, the fatigue parameters presented in Table 9
were obtained. To verify the accuracy of the method, the model was numerically calculated with the fatigue parameters set in Table 9,
and the onset and propagation responses were compared with the experimental constants (Table 10). With all the fatigue law su-
perposition architectures a good numerical representation of the fatigue onset and propagation was achieved for the range where
fatigue data is available. The graphical representation of the numerical correlation with the experimental data can be seen in Fig. 9.

It can be seen that in the case of superposition architecture 1, after an initial transient zone, crack propagates in a self-similar way,
resulting in a single propagation law (eq. (10). In contrast, fatigue propagation of architectures 2 and 3 cannot be modelled by a single
propagation law. This is because as the damaged area evolves, the different fatigue parameters have an impact in the global fatigue

damage rate. Therefore, the range where experimental data is available was used to extract the numerical fatigue propagation
constants.

Table 9
Obtained fatigue parameters considering fatigue onset and propagation data:
e[-] pl-] ia [-] s [-]
Superposition architecture 1 0.1487 p+ 2.56 0.932 -
Superposition architecture 2 0.0687 p—1.28 0.895 -
Superposition architecture 3 0.0402 p—2.14 0.907 0.689
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Table 10
Verification of the fatigue parameter determination method.
Oa [mm/N] Og [-] Fatigue onset R%[-] my [-] C; [mm/cycle] Fatigue Propagation R2[-]
Experimental 2.81E-5 4.57E-1 - 8.87 9.32E1 -
Superposition architecture 1 4.26E-5 4.42E-1 0.95 8.54 5.15E2 0.99
Superposition architecture 2 4.54E-5 4.43E-1 0.98 8.87 3.13E1 0.99
Superposition architecture 3 4.55E-5 4.41E-1 0.96 8.93 6.22E2 0.99
a) 003 : - - : ;
Experimental Fatigue onset b) 107! - Experimental Fatigue propagation |
Experimental Fatigue onset fit (Eq. 5) Experimental Fatigue propagation fit (Eq. 6)
Num. onset 0.24 severity, architecture 1 Num. propagation 0.24 severity, architecture 1
Num. onset 0.24 severity, architecture 2 1072 Num. propagation 0.24 severity, architecture 2
0.025 — Num. onset 07_7274759\,&“),’ ar;:hirtectureVS" 5y Num. propagation 0.24 severity, architecture 3
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< e E
= =
E g 1
== ooz A
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0.015 ! . ;
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Fig. 9. Verification of fatigue parameter determination method for different fatigue damage accumulation architectures: a) onset and b)
propagation.

5.2. Numerical modelling of fatigue .%-curve effects

In this section, the rest of the mode I fatigue tests from insert (Table 2) were simulated with the fatigue input sets given in Table 9
and are plotted in Fig. 10.

The propagation curves obtained with fatigue law superposition architecture 1 tend to collapse in a single crack propagation law
(Eq. (10) (Fig. 10b). Since the numerical model tends to predict self-similar propagation after the first transient region, the model is not
able to achieve a big enough offset between propagation laws, resulting in overestimation of crack growth rates for high severity
specimens and underestimation in low severity specimen. Likewise, the predicted fatigue onset at higher severities is more rapid than
the experimental data, and slower at low severities (Fig. 10a). Therefore, it is demonstrated that imposing the same fatigue damage
accumulation law in all the superposed cohesive laws does not yield accurate enough predictions for composite materials with ductile
fracture and large-scale bridging.

With the fatigue law superposition architecture 2 the propagation curves do not collapse in a single Paris law thanks to assuming no
fatigue damage in the cohesive laws that model low density long fibre bridging. Instead, fatigue crack growth rate gradient decreases in
log-log scale as crack length increases (Fig. 10d). This is because as the damaged area extends, dissimilar fatigue damage accumulation
is promoted as FCL 4 and 5 do not accumulate fatigue damage. This way, the offset in crack growth rate between specimens tested at
different severities is captured with greater accuracy than with architecture 1. However, this cohesive law superposition architecture is
not fully able to capture the whole offset between propagation curves, resulting in overestimation of crack growth rates for high
severity specimens and underestimation in low severity specimen.

Experimental data for fatigue onset of the specimens tested at load severities of 0.3 and above, experienced a sudden increase in
their compliance at 300 cycles (Fig. 10c). Since this event cannot be modelled, numerical results should follow the onset experimental
data with an offset towards the right-hand side of the X axis. Therefore, fatigue onset predictions made with architecture 2 at higher
severities result in a faster onset than expected, and slower at low severities.

When fatigue parameters were allowed to be independent in all the superposed cohesive laws (superposition architecture 3), fa-
tigue propagation of different loading severities was accurately predicted (Fig. 10e, Fig. 10f).

Moreover, it can be learned from numerical data that the experimental range characterized at each severity is governed by different
failure mechanisms. For example, since longer crack lengths were obtained in specimens tested at higher severities (specimens with
severities of 0.43 and 0.38), the experimental propagation laws were first governed by matrix crack resistance, resulting in flatter
propagation laws. As damage was extended, other failure mechanisms were activated resulting in a steeper propagation law. On the
contrary, at severities where there was not much damage extension (severities of 0.24 and 0.14), only the propagation law dominated
by matrix resistance was characterized.

Finally, the accuracy of the proposed superposition architecture 3 was validated by comparing the numerical fatigue delamination
growth length a vs the number of cycles N (Fig. 11). The maximum obtained mismatch was 0.5 mm of delamination length within the
whole experimental test range over all the analysed fatigue severities if the sudden compliance increase in the 0.43 and 0.38 tests is
excluded.

11



I Lecinana et al. Engineering Fracture Mechanics 286 (2023) 109273

a) 0.035 1 Exp. onset 0.43 severity ] b) 1 |
Exp. onset 0.38 severity 10
0.03 [ Exp. onset 0.30 severity
+ Exp. onset 0.24 severity 102
- Exp. onset 0.14 severity N
0.025 Num. onset 0.43 severity ] ,2
: Num. onset 0.38 severity ?;) 1073 J
Z Num. onset 0.30 severity <
= Num. onset 0.24 severity E‘
= Num. onset 0.14 severity oo i
=, 002 T " T T T 0y E 10 Exp. prapagation 0.43 severity
) — * Exp. propagation 0.38 severity
- Exp. propagation 0.30 severity
=310 Exp. prapagation 0.24 severity -
Exp. propagation 0.14 severity
Num. propagation 0.43 severity
0.015 k! 6 Num. propagation 0.38 severity |
10 Num. propagation 0.30 severity
s Num. propagation 0.24 severity
Numn. propagation 0.14 severity
10.7 | I i T
! . . : 0.1 0.2 0.3 0.4 05 06 07
10° 10 102 10° 10* 10° Gz (1—R) H
{ G Cyp
) 0.035F I T T T ] d) f !
107! ]
0.03
107
<
0.025 $ o0
= &5 107 .
“ <
g g ]
Z 002 g "
o =
S5 10° 1
0.015 10-6 4
7 L | L L
10
0.1 0.2 0.3 0.4 05 06 07
10° 10! 102 108 10* 10° Gz (1—R) H
N [Cycles] Grop
e) 0.035 [ T i ! ! ] f) T T
107! J
0.03
102 |
<
0.025 [ 3
z & 3
< ~Z
= |
=, 0.02 E
O ol
$[E 10 E
0.015 108
107 L L L L
0.1 0.2 0.3 04 05 06 07
10° 10" 102' B 10° 10* 10° G (1— 1) H
N Cycles| Giep

Fig. 10. Fatigue #-curve effect modelling under mode I loading, (a, c, e) fatigue onset for damage accumulation architectures 1-3, (b, d, f) fatigue
propagation for damage accumulation architectures 1-3 respectively.

12



I Lecinana et al. Engineering Fracture Mechanics 286 (2023) 109273

50 .
48 .
46 s
44 -
_ 42 -
g
g
. 401 Exp. 0.43 severity ||
Exp. 0.38 severity
38 Exp. 0.30 severity |
Exp. 0.24 severity
Exp. 0.14 severity
61 Num. 0.43 severity ||
Num. 0.38 severity
34 F Num. 0.30 severity | |
Num. 0.24 severity
Num. 0.14 severity
32 T ! I 1 !
102 10° 107 10* 10° 10® 100

N [Cycles]

Fig. 11. Validation of the superposition architecture 3 by comparing the numerical fatigue delamination growth length a vs the fatigue cycle
number N.

6. Conclusions

In the present work the fatigue onset and propagation behaviour of a AS4D/PEKK-FC thermoplastic material has been studied
under mode I loading. Fatigue onset and propagation characterization has been performed, reducing the testing costs by using a multi-
fatigue testing rig that allows loading 6 specimens at the same time. Compared to other material systems, the fatigue onset and
propagation performance of AS4D/PEKK-FC thermoplastic is superior to a high performance thermoset [22] proportionally to the
fracture toughness of the material, Zc .

The fatigue onset resistance of the material is a function of the .%-curve behaviour observed under static loading caused by the
presence of energy dissipating mechanisms such as plastic deformation and large-scale bridging. Therefore, the fatigue onset curve
(ZmaxVsN) collapse to a single curve when normalizing the applied energy release rate accounting for the static .2 -curve effects
(g)max/ Z1c,#VsN).

For the fatigue propagation behaviour, an offset in the crack growth rate curves when tested at different severities was observed.
Moreover, the propagation curves obtained from specimens run from insert do not collapse over the tests run from pre-crack even if the
strain energy values are normalized by the .%-curve as a function of the delaminated length, £ ;. This may be explained by assuming
that the development of the failure mechanisms under static or fatigue loading is different.

The experimental findings remark the need of developing a simulation strategy to account for .#-curve effects under fatigue
loading, such as the offset in the crack growth curves. This implies analysing how to accumulate fatigue damage. In this work, a
simulation strategy for a fatigue cohesive zone model was developed, based on multiple superposition of cohesive laws and deter-
mination of fatigue model parameters based on experimental fatigue onset and propagation data. Different fatigue accumulation
architectures within the superposed cohesive laws were proposed to get a better understanding on how fatigue damage evolves in
materials with ductile fracture and large-scale bridging. It is concluded that assuming the same fatigue damage accumulation law for
all the superposed cohesive laws does not yield accurate predictions. Instead, fatigue parameters in the model must allow independent
fatigue damage accumulation rates to the superposed cohesive laws. This conclusion agrees with the assumption that the superposed
cohesive laws model different failure mechanisms, and each of this failure mechanism can accumulate damage at different rates under
fatigue loading.

It has been demonstrated that the proposed simulation strategy makes a phenomenological predictive tool able to model both static
and fatigue .%-curve effects under mode I loading.
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