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A B S T R A C T

Thermoplastic composites can enable the development of new manufacturing techniques to make the aviation
industry more sustainable while at the same time greatly benefit cost-efficient and high-volume production.
One of the thermoplastic composite materials that can enable this transition is AS4D/PEKK-FC. In this work, the
interlaminar properties of AS4D/PEKK-FC thermoplastic composite are characterized and analyzed by means
of Mode I, II and Mixed Mode I/II at 50:50 tests, while considering fiber bridging and R-curve effects. In
order to achieve stable crack propagation the test configurations are adjusted to account for the large fracture
process zone ahead of the crack tip and an appropriate data reduction method is selected. The experimental
data is reduced using an inverse methodology to extract cohesive laws based on only the load–displacement
curves. Additionally, the use of this methodology provides new insights into the validity of two different
mode II tests and the influence of fiber bridging on the mixed-mode interlaminar behavior. The interlaminar
damage mechanisms are investigated by means of scanning electron microscopy. The resulting cohesive laws
are implemented in commercial finite element software in tabular form, without the need for user-subroutines.
All experimental test configurations are analyzed using a single material card and it is shown that fiber bridging
and R-curve effects are well captured.
1. Introduction

There is a strong push in the aviation sector to move towards more
sustainable and affordable aircraft structures. In order to meet these
new requirements, it is inevitable that changes have to be made in
the way aircraft structures are designed and manufactured. One of the
materials that can facilitate this transition, is thermoplastic composite.
Among many other benefits, the material offers improved mechan-
ical properties, ‘unlimited’ shell life and also recyclability. Further-
more, thermoplastic composites also enable the use of new assembly
techniques such as autoclave co-consolidation, out-of-autoclave and
welding [1] which can greatly benefit cost-efficient and high-volume
manufacturing. These new assembly techniques take advantage of the
improved interlaminar mechanical properties compared to thermoset
composites and can greatly reduce the amount of mechanical fasteners
required. One of the most recent advancements that leverages this new
technology, is the development of the next generation of thermoplastic
composite aircraft fuselage [2]. This new fuselage design considers,
among other materials, the fast-crystalizing Poly(Ether-Ketone-Ketone)
thermoplastic polymer, also referred to as PEKK-FC [3]. In contrast to

∗ Corresponding author at: Fokker/GKN Aerospace and Delft University of Technology, The Netherlands.
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thermoplastic composites which have been studied in the past [4–9],
PEKK-FC composites offer faster processing times due to the increased
rate of crystallization and can thus make a significant impact in how
aircraft structures are designed and manufactured [10]. What makes
PEKK unique among the other high performance polymers in the PAEK
family, is the ability to synthesize isomeric copolymers to lower the
melting temperature well below polymer degradation and significantly
widen the melt processing window [11]. However, there is currently
not much experimental understanding of the failure mechanisms of
this material and the availability of accurate experimental data and
validated testing or analysis techniques is rather limited [3,12–15].
Additionally, achieving predictable crack growth under both static and
cyclic loading conditions is of high importance in aircraft design. It
is expected that the superior mechanical performance of thermoplastic
composites compared to thermoset composites may be attributed to ef-
fects such as plasticity and fiber-bridging. These effects are known [16,
17] to increase the size of the fracture process zone ahead of the crack-
tip [18]. This large zone of damaged material makes it difficult to
identify the exact position of the crack-tip, and thus makes the use of
vailable online 22 July 2022
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Fig. 1. Overview of the methodology.
traditional experimental data reduction methods, which rely on accu-
rately monitoring the crack-tip, rather difficult [19]. Furthermore, in
the End Notched Flexure (ENF) and Mixed-Mode Bending (MMB) test,
where only limited room for crack propagation is available, the large
fracture process zone may reach the load-introduction point before
stable crack growth can be achieved [18].

The use of cohesive zone models has become a popular methodology
to accurately simulate delamination growth in composites [20]. This
model describes the failure during delamination in terms of tractions
and displacements of crack opening. The model reduces the stiffness
of the cohesive zone once damage is initiated, thus decreasing the
traction while respecting the amount of fracture energy that is dis-
sipated. The shape of this softening behavior can be described by
a cohesive law, which can have many different forms (e.g. linear,
exponential, bilinear, trapezoidal, parabolic and multilinear) [21,22],
depending on the material behavior. This can for example be achieved
by superposition of cohesive elements [23] in order to capture specific
failure modes such as fiber bridging [24,25] or the influence of different
ply interface angles [26]. However, this may not be so straight forward
for mixed-mode cohesive laws [27] and accurately following the load–
displacement curve remains difficult if there is a strong R-curve effect
that requires an accurate description of the cohesive law [24].

The aim of this work is to characterize and analyze the interlaminar
behavior of thermoplastic composites during quasi-static loading, while
considering fiber bridging and R-curve effects. This covers the whole
process from experimental characterization, fractographic investiga-
tion, data reduction, numerical implementation and verification by
numerical analysis in a commercial finite element software.

2. Methodology

An overview of the methodology is shown in Fig. 1. First, the
interlaminar fracture toughness is characterized in Mode I, II and Mixed
Mode I/II at 50:50 on the Double Cantilever Beam (DCB) [28], End-
Notched Flexure (ENF) [29], Calibrated End Loaded Split (CELS) [30]
and Mixed-Mode Bending 50% (MMB50) [31] test configurations. The
ENF and MMB50 test configurations are designed to achieve stable
crack propagation, while accounting for the large fracture process zone
of the thermoplastic material. Therefore, the validity of the mode II test
method is investigated on both the ENF and CELS test and resulting
interlaminar properties are compared.

The presence of the fracture process zone also influences the data
reduction and analysis methodology. Consequently, both the traditional
(Fig. 1a) and a proposed methodology (Fig. 1b) for experimental data
reduction are considered. The traditional data reduction methods are
based on the analytical Linear Elastic Fracture Mechanics (LEFM) so-
lutions and require accurate measurement or estimation of the crack
2

length. This results in an R-curve, which plots the calculated fracture
toughness (𝐺𝑐) against the crack length. The R-curve is however not a
material property and depends on the test configuration, which means
that the R-curve cannot directly be used in finite element analysis.
Therefore, typically only the initiation or propagation fracture tough-
ness is used. This makes the analysis conservative for large cracks when
initiation values are used and unconservative and inaccurate for small
crack propagation when propagation values are used.

The proposed methodology (Fig. 1b) makes use of an inverse data
reduction method based on only the load–displacement curve [32,33].
This method extracts a step-wise representation of the cohesive law,
which needs to be processed before it can be reliably used in finite
element software. This is achieved through the use of a new procedure,
which can ensure an accurate description of the shape of the cohesive
law in tabular format. The benefit is that the full R-curve effect can
be accounted for and user-subroutines are no longer required. The
data reduction technique also provides new insights into how fiber
bridging affects the mixed-mode interlaminar behavior of thermoplastic
composites. Finally, numerical analyses are performed for all test con-
figurations to verify the derived interlaminar properties and analysis
methodology.

2.1. Material properties

The thermoplastic composite used in this work is the Solvay APC
(PEKK-FC) thermoplastic polymer prepreg [3]. The prepreg is rein-
forced with the continuous unidirectional AS4D fiber with a nominal
ply thickness of 0.14 mm. The laminates are manufactured by means
of autoclave consolidation, where a process cycle is used that is repre-
sentative for large aeronautical parts. This means a constant phase of
at least 45 min and a cooldown speed in the order of 5 ◦C∕min. The
full set of material properties are provided in [15] and the relevant
properties that are used in the data reduction and analyses of this paper
are summarized in Table 1. All values are valid at room temperature
ambient conditions. The Young’s modulus is given in both tensile and
compressive direction. The values of the Matrix 0.2% and 0.5% offset
shear strength are estimated by the nonlinear shear parameters and
equations provided in [15].

2.2. Specimen design

The specimen design is the same for all interlaminar tests and the
specimens are machined from a single AS4D/PEKK-FC laminate that
consists of 30 unidirectional plies. The specimens are designed to be
25 mm wide and 225 mm long. The benefit of this specimen design
with increased length is, that during the start of the test campaign,
both the mode I and II fracture toughness can be tested on a sin-
gle specimen. This can be helpful for characterization of materials
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Fig. 2. DCB test setup at UdG AMADE lab: (a) DCB test configuration and geometrical parameters; (b) Test setup with camera and control system for crack monitoring.
Table 1
AS4D/PEKK-FC thermoplastic composite properties [15].

Property Description Value Unit

𝐸1𝑡 Young’s modulus, longitudinal tensile direction 138 300 MPa
𝐸1𝑐 Young’s modulus, longitudinal compressive direction 128 000 MPa
𝐸2𝑡 Young’s modulus, transverse tensile direction 10 400 MPa
𝐸2𝑐 Young’s modulus, transverse compressive direction 11 500 MPa
𝐺12 = 𝐺13 Shear modulus 5190 MPa
𝜈12 Poisson ratio, 1–2 direction 0.316 –
𝜈23 Poisson ratio, 2–3 direction 0.487 –
𝑌𝑇 Matrix tensile strength 87 MPa
𝑆𝐿0.2%

Matrix 0.2% offset shear strength (estimated) 50 MPa
𝑆𝐿0.5%

Matrix 0.5% offset shear strength (estimated) 60 MPa
𝑆𝐿5%

Matrix 5% offset shear strength 90 MPa

of which the fracture properties are not yet known. Without good
estimations of the fracture properties, it may be difficult to set the
correct initial crack length or span during these tests to achieve stable
crack propagation. Furthermore, it also allows for some flexibility in
testing higher toughness materials that may require a large span or
clamping length during mode II and mixed-mode testing. However, for
the actual propagation tests, it is recommended to only perform a small
pre-crack to ensure that the crack front remains straight and without
a fully developed fracture process zone. Due to the high processing
temperature (377 ◦C, [3]) of thermoplastic composites, a 12.5 μm thick
UPILEX foil is used as insert to start the crack. The length of this insert is
60 mm. The UPILEX foil is pre-treated with Frekote 700NC release agent
to prevent contamination and allows for easy removal prior to testing.
The benefit of this approach is that a single insert with a very small
thickness can be used, thus guaranteeing a sharp as possible initial
crack tip.

2.3. Mode I - Double Cantilever Beam test

The Double Cantilever Beam (DCB) test is performed to characterize
the pure mode I fracture toughness at both the Delft University of
Technology (TU Delft) and AMADE testing facilities of the University
of Girona (UdG). The DCB tests at TU Delft follow the ASTM test
standard [28] and loading blocks are bonded to load the specimens. In
total, five tests are performed with an initial crack length of 𝑎0 = 40 mm.
The test configuration of the DCB test is shown in Fig. 2a and the
experimental setup at UdG is shown in Fig. 2b. The DCB tests at UdG
follow the ISO 15024 test standard [34] and the side-clamp beam [35]
hinges are used to load the specimens, where the initial crack length is
𝑎0 = 48 mm. As illustrated in Fig. 2a, the load-application point on the
loading-blocks effectively reduces the crack length from the insert size
of 60 mm to 𝑎0. In additions to the five propagation test at TU Delft,
several pre-cracks and three propagation tests are performed at UdG.
The crack length during these additional propagation tests is closely
monitored using the system as shown in Fig. 2b. A high resolution
camera is used to monitor the crack length. Due to the limited field
3

of view during close-up, a servo controlled system is used to follow
the crack tip. The specimens are tested on a tensile testing machine, at
a displacement rate of 1 mm/min. Rotation is measured by means of
inclinometers. However, this data has not been used in the analysis and
is not required for the proposed methodology. This also applies for all
the other test configurations shown in this paper.

The Corrected Beam Theory (CBT) is used for the experimental
data reduction method following the ISO 15024 test standard [34].
Following this method, the critical mode I energy rate 𝐺𝐼𝐶 is:

𝐺𝐼𝐶 = 3𝑃𝛿
2𝑏 (𝑎 + 𝛥)

( 𝐹
𝑁

)

(1)

where 𝑃 and 𝛿 are the load and displacement, 𝑎 is the total crack
length during crack propagation and 𝑏 is the specimen width. Further-
more, correction factors are used in the method, where 𝐹 corrects for
large displacement, 𝑁 corrects for stiffening of the specimen by the
loading blocks and 𝛥 is a correction factor for crack tip rotation and
deflection [34].

The experimental results are also compared to the analytical LEFM
solution. For the Young’s modulus 𝐸11 and 𝐸22, the average of tension
and compression from Table 1 is used. The analytical solution uses
the equations for the compliance 𝐶 and the 𝐺𝐼𝑐 [36], which can be
re-rewritten to calculate the force 𝑃 and displacement 𝛿:

𝑃 =

√

𝐺𝐼𝑐𝑏2ℎ3𝐸11

12(𝑎 + 𝜒ℎ)2
(2)

𝛿 =
8𝑃 (𝑎 + 𝜒ℎ)3

𝑏ℎ3𝐸11
(3)

The crack tip correction 𝜒 is derived in Eq. (4) as

𝜒 =

√

𝐸11
11𝐺13

{

3 − 2
( 𝛤
1 + 𝛤

)2}

(4)

where 𝛤 is the transverse modulus correction parameter defined as

𝛤 = 1.18

√

𝐸11𝐸22

𝐺13
(5)

In the elastic domain the load is used as input and Eq. (3) to calculate
the corresponding displacement for a given initial crack length 𝑎0.
During propagation the crack length 𝑎 is gradually increased, for a
known 𝐺𝐼𝑐 , to calculate both the force and the displacement.

2.4. Mode II - End-Notched Flexure test

The End-Notched Flexure (ENF) test [37], consists of a three point
bending setup of a specimen that is cracked on one of its ends. Nowa-
days this test is adapted to characterize the mode II interlaminar frac-
ture toughness. The test is standardized in ASTM D7905/D7905M [29]
and is commonly used due to its simplicity, however the main drawback
is that crack growth is often unstable. Fig. 3a shows the ENF test
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Fig. 3. ENF test setup at TU Delft lab: (a) ENF test configuration and geometrical parameters; (b) Test setup with camera system for crack monitoring.
Fig. 4. CELS test setup at UdG AMADE lab: (a) CELS test configuration and geometrical parameters; (b) Test fixture and specimen.
configuration. The test setup at TU Delft including the camera to
monitor the crack tip is shown in Fig. 3b. Tests are performed in order
to determine the test configuration that would provide stable crack
propagation in mode II. The initial tests were performed using a span
of 2𝐿 = 100 mm following the test standard. This made it difficult to
achieve stable crack propagation due to the large fracture process zone.
To solve this, the test configuration is adjusted to 2𝐿 = 130 mm. The
different results and settings to mitigate the large fracture process zone
are further discussed in Section 3.2.

Most data reduction methods [29] depend on accurate measure-
ments of the crack length during propagation. It is however difficult to
measure this due to the development of a large fracture process zone
ahead of the crack tip. The Compliance-Based Beam Method (CBBM)
proposed by de Moura [19] can be used to avoid this. The measured
initial compliance 𝐶0𝑐 and initial crack length 𝑎0 are used to obtain an
apparent longitudinal modulus 𝐸1𝑎

𝐸1𝑎 =
3𝑎30 + 2𝐿3

8𝑏ℎ3𝐶0𝑐
(6)

Using the apparent modulus following [19] leads to

𝑎𝑒 =
[

𝐶𝑐
𝐶0𝑐

𝑎30 +
(

𝐶𝑐
𝐶0𝑐

− 1
)

2𝐿3

3

]
1
3

(7)

where 𝐶𝑐 is the measured compliance. Further combining the equations
from [19] results in the mode II fracture toughness 𝐺𝐼𝐼𝐶

𝐺𝐼𝐼𝐶 =
9𝑃 2𝐶0𝑐

2𝑏(3𝑎30 + 2𝐿3)

[

𝐶𝑐
𝐶0𝐶

𝑎30 +
(

𝐶𝑐
𝐶0𝐶

− 1
)

2𝐿3

3

]
2
3

(8)

The experimental results are also compared to the analytical solu-
tion. In this case, the measured compliance is not available so a solution
based on linear elastic fracture mechanics is followed. For this solution,
the ENF load–displacement curve is divided into three parts. The load
𝑃 is used as input for the first and third part and is gradually increased,
while during crack propagation the crack length 𝑎 is used as input
4

to calculate both the load and the displacement. The crack length is
corrected following [38], where 𝜒 is calculated from Eq. (4).

The load–displacement during the linear part is calculated by Eqs.
(9) and (10) using 𝑎 = 𝑎0.

The second part during crack propagation if 𝑎 < 𝐿:

𝑃 =

√

𝐺𝐼𝐼𝑐16𝑏2ℎ3𝐸11

9(𝑎 + 0.42𝜒ℎ)2
(9)

𝛿 = 𝑃
3(𝑎 + 0.42𝜒ℎ)3 + 2𝐿3

8𝑏ℎ3𝐸11
(10)

and the third part where the crack has reached the load introduction if
𝑎 ≥ 𝐿:

𝛿 = 𝑃
2𝐸11𝑏ℎ3

⎛

⎜

⎜

⎝

2𝐿3 −
( 163 𝐺𝐼𝐼𝑐𝐸11𝑏2ℎ3)

3
2

4
√

3𝑃 3

⎞

⎟

⎟

⎠

(11)

2.5. Mode II - Calibrated End Loaded Split

The ENF test showed some difficulties due to the large fracture
process zone of the thermoplastic material, therefore the material is
also characterized using the Calibrated End Loaded Split (CELS) test
method so that the results can be compared. The CELS specimen with
the corresponding geometrical parameters is shown in Fig. 4a and the
test setup at the UdG lab is shown in Fig. 4b. The CELS test is performed
in a test rig specifically designed according to the ISO 15114:2014 [30]
test standard. A Loading block is bonded at the cracked end of the beam
and an upward displacement is applied at the edge of the loading block.
The other end of the beam is clamped, however this clamping is not
fully constrained and allows for some sliding. The effect of the clamping
system has to be calibrated so that an effective increase in beam length
can be determined, as if the beam would be fully clamped. For this
calibration procedure, the specimen is clamped and tested at several
positions: 50, 60, 70, 80, 90 and 100 mm. The crack propagation test is
performed at a clamp length of 100 mm with an initial crack length
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Fig. 5. Mixed-mode bending 50% setup at UdG AMADE lab: (a) MMB50 test configuration and geometrical parameters; (b) MMB test fixture and specimen.
of 56 mm. The crack length during propagation is measured using the
same camera system as shown in Fig. 2b.

The experimental results are evaluated using the procedure ac-
cording to the test method [30], where the compliance of the CELS
specimen is given by:

𝐶 = 𝛿
𝑃

=
3(𝑎𝑒)3 + (𝐿 + 𝛥𝑐𝑙𝑎𝑚𝑝)3

2𝑏ℎ3𝐸𝑏
(12)

where 𝐿, 𝑏 and ℎ are the span length, the width of the specimen and
half of the specimen thickness, respectively. 𝐸𝑏 is the apparent bending
modulus and 𝑎𝑒 is the effective calculated crack length. The 𝛥𝑐𝑙𝑎𝑚𝑝 was
introduced by Hashemi [36] to account for rotation and deflection at
the clamp point. The parameters 𝛥𝑐𝑙𝑎𝑚𝑝 and 𝐸𝑏 are measured according
to the compliance calibration described in the test standard [30]. The
𝐺𝐼𝐼𝐶 fracture toughness is determined from

𝐺𝐼𝐼𝐶 =
9𝑃 2𝑎2𝑒
4𝑏2ℎ3𝐸𝑏

(13)

where the apparent crack length 𝑎𝑒 is derived from Eq. (12) as

𝑎𝑒 =
( 1
3
{2𝑏𝐶ℎ3𝐸𝑏 − (𝐿 + 𝛥𝑐𝑙𝑎𝑚𝑝)3}

)

1
3 (14)

The experimental results are also compared to the analytical solu-
tion. The equations that are used to predict the CELS test are based
on the CBT solution where the crack length is corrected (𝑎 = 𝑎 +
0.42𝜒ℎ) [38] and the beam length 𝐿 is increased by the clamp cor-
rection factor 𝛥𝑐𝑙𝑎𝑚𝑝. This can also be estimated by 2𝜒ℎ (assuming
𝜒0 = 𝜒) [38], however it was found that this underestimates the clamp
correction by approximately 5 mm, which highly influences the analyt-
ical prediction. The displacement in the elastic part can be derived by
gradually increasing the load and by using 𝑎0 in Eq. (16). The load and
displacement during propagation are calculated by increasing the crack
length for a known 𝐺𝐼𝐼𝑐 following:

𝑃 =

√

𝐺𝐼𝐼𝑐4𝑏2ℎ3𝐸11

9(𝑎 + 0.42𝜒ℎ)2
(15)

𝛿 =
𝑃 (3(𝑎 + 0.42𝜒ℎ)3 + (𝐿 + 𝛥𝑐𝑙𝑎𝑚𝑝)3)

2𝑏ℎ3𝐸11
(16)

2.6. Mixed-mode bending 50%

The Mixed-Mode Bending (MMB) test [8] is used to characterize
the fracture toughness under mixed-mode loading conditions. This test
has been standardized in the ASTM D6671/D6671M-19 [31]. The MMB
specimen with the corresponding geometrical parameters is shown in
Fig. 5a and the test setup at the UdG AMADE lab is shown in 5b. The
same camera system as shown in Fig. 2b is used to monitor the crack
propagation. The mode mixity in this work is fixed to a ratio of 50%
5

and only a single mode mixity is tested. The specimen has a pre-crack
of length 𝑎0 = 40 mm, which is pre-cracked for a few millimeter in
mode I by means of the DCB test. Loading blocks are bonded to the
specimen in order to clamp the bottom lever and load the upper lever
as shown in Fig. 5. The span of the MMB50 test is set to 2𝐿 = 130 mm
to prevent interaction of the center load introduction point with the
fracture process zone as observed during the mode II ENF test. The
length of the lever arm, 𝑐, is set to 54.4 mm. The force due to the weight
of the rig (𝑃𝑔) is 9.129 N and the center of gravity (𝑐𝑔) for the 50%
mixed-mode test is at 12.95 mm. The modulus, width and thickness of
the metal calibration specimens are 𝐸𝑐𝑎𝑙 = 200 GPa, 𝑏𝑐𝑎𝑙 = 25.4 mm
and 𝑡𝑐𝑎𝑙 = 6.21 mm respectively. Following the test standard [31], this
can then be used to calculate the system compliance and the bending
stiffness of the laminate 𝐸1𝑓 .

The mixed-mode fracture toughness is calculated by accounting for
the weight of the test rig through Eqs. (17) and (18), but the influence
is found to be neglectable (1%–2%) for the 50% mixed-mode test.

𝐺𝐼 =
12[𝑃 (3𝑐 − 𝐿) + 𝑃𝑔(3𝑐𝑔 − 𝐿)]2

16𝑏2ℎ3𝐿2𝐸1𝑓
(𝑎 + 𝜒ℎ)2 (17)

𝐺𝐼𝐼 =
9[𝑃 (𝑐 + 𝐿) + 𝑃𝑔(𝑐𝑔 + 𝐿)]2

16𝑏2ℎ3𝐿2𝐸1𝑓
(𝑎 + 0.42𝜒ℎ)2 (18)

The experimental load–displacement curves are also compared to
the analytical solution. The load–displacement curve for mixed-mode
bending can be predicted following the LEFM equations from [39] that
follow the ASTM standard [31]. The load is obtained as:

𝑃 =

√

√

√

√

√

√

𝐺𝑐
4(3𝑐−𝐿)2(𝑎+𝜒ℎ)2+3(𝑐+𝐿)2(𝑎+0.42𝜒ℎ)2

64𝑏𝐿2 𝐸11𝑏ℎ3
12

(19)

The corresponding displacement is given as:

𝛿 = 𝑃
4(3𝑐 − 𝐿)2(𝑎 + 𝜒ℎ)3 + (𝑐 + 𝐿)2[3(𝑎 + 0.42𝜒ℎ)3 + 2𝐿3]

96𝑏𝐿2 𝐸11𝑏ℎ3

12

(20)

The elastic relation before crack propagation is obtained by replacing
the crack length 𝑎 with the initial crack length 𝑎0 in the previous
equations.

2.7. Methodology for derivation of cohesive laws

The traditional data reduction methods, as described in the previous
sections, rely on accurate measurement or estimation of the crack
length and do not provide sufficient information to account for fiber
bridging or R-curve effects in the numerical analysis. These effects
can be accounted for through the cohesive law. From literature it is
known that different damage mechanisms can be represented by a
different shape of the cohesive law. Three examples of typical shapes



Composites Part A 162 (2022) 107101B.H.A.H. Tijs et al.
Fig. 6. Different shapes of cohesive laws used in numerical analysis to represent different damage mechanisms: (a) linear, (b) trapezoidal; (c) bilinear.
Fig. 7. Inverse methodology for derivation of cohesive laws, overview of methodology from [32,33].
Fig. 8. Comparisons of two cohesive laws: (a) low penalty stiffness cohesive law with linear softening; (b) high penalty stiffness user-defined cohesive law.
for cohesive laws are shown in Fig. 6. Fig. 6a shows linear softening
with is typically used by default when only the fracture toughness of
the material is known. The trapezoidal shape as shown in Fig. 6b can be
used to represent the influence of plasticity as demonstrated by Tver-
gaard and Hutchinson [40], where the total energy can be divided into
multiple parts (𝐺1, 𝐺2) to represent both plasticity and damage. Instead,
different damage mechanisms may also be represented by superposition
of linear cohesive laws to account for R-curve effects as shown in
Fig. 6c based on the approach of Dávila et al. [23]. Dávila et al. used
this bilinear shape to distinguish between fiber pull-out and breakage
during translaminar failure [41], while a bilinear shape with a longer
tail has been used to represent fiber bridging [24]. However, these
simplified cohesive laws are generally not accurate enough to follow
the full R-curve effect and corresponding nonlinearity observed in the
load–displacement curve [24].

The proposed methodology, as shown in Fig. 1, can include the
full R-curve effect and makes use of the inverse method presented
by Abdel Monsef et al. [32,33] to determine the experimental J-curve
and cohesive law. The inverse method minimizes the error between the
experimental and the numerical load–displacement curves by adjusting
6

the cohesive law parameters. Fig. 7 schematically shows the procedure
to extract the cohesive law where the experimental load–displacement
curve is the input and the output is an experimental J-curve and
multilinear cohesive law ‘‘staircase type’’, also referred to as the exper-
imental cohesive law in this paper. It should be noted that the method
predicts only the shape of the cohesive law. This information may be
used to reason that a specific damage mechanisms is responsible, study
variation in cohesive laws between multiple tests, or gain insight in how
the shape may change for different configurations or environmental
conditions, as the methodology does not require visual tracking of the
crack tip [42].

2.8. Procedure for user-defined tabular cohesive laws

The next step in the proposed methodology (Fig. 1b) is to pro-
cess the experimental cohesive law for use in the numerical analysis,
referred to as the numerical cohesive law. The cohesive law has to
be defined by the initial elastic response of the cohesive element,
the damage initiation criteria and the damage evolution. A typical
traction–separation law with linear softening is shown in Fig. 8a. The
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Fig. 9. Single element FEM result to verify tabular cohesive law.

initial elastic response of the element is related to the initial slope
of the traction–separation curve, which can be related to the Young’s
modulus of the material when a finite thickness is used, for example
for adhesives. For the analysis of delaminations, which are modeled as
a zero-thickness interface, this property is referred to as the penalty
stiffness (K in Fig. 8a). The damage initiation is defined as the peak
traction for each loading mode by using a failure criterion, for example
the max-stress criterion (MAXS). Damage evolution is provided in
tabular format and requires the relation of the separation after damage
initiation to the damage variable and the loading mode. The damage
variable, 𝑑, is defined as the reduction of the effective traction due to
damage as

𝑑 = 1 − 𝜏
𝐾 ⋅ 𝛿

(21)

where 𝜏 is the traction at a material point, 𝐾 is the initial elastic
stiffness and 𝛿 is the total separation defined as 𝛿 = 𝛿0 + 𝛿𝐴𝐵𝐴𝑄𝑈𝑆 ,
as illustrated in Fig. 8a. 𝛿0 is the separation at onset of damage and
𝛿𝐴𝐵𝐴𝑄𝑈𝑆 the input displacement for the tabular format in Abaqus. The
7

loading mode, 𝐵, is defined as the ratio between pure mode I (defined
as 0) and pure mode II (defined as 1), and has to be defined for each
cohesive law that results from the mixed-mode tests.

It is however difficult to achieve an accurate solution for detailed
cohesive laws when using a high penalty stiffness or when a sudden
change in the shape of the cohesive law are introduced. When a low
penalty stiffness is used, the damage variable gradually increases until
full separation is achieved as shown in Fig. 8a. However, when using a
high-penalty stiffness, as shown in Fig. 8b, there is rapid increase in the
damage variable for small separation until the element is nearly fully
damaged (𝑑 = 0.99). This is followed by a rapid increase in displace-
ment until the element is fully damaged, which means high accuracy
is required in both damage and displacement. If sudden changes or
complex shapes are introduced in the cohesive law, it becomes even
more difficult to manually define accurate input data.

When using a high penalty stiffness, for example 𝐾 = 106 N∕mm3,
which is typically used for simulation of delaminations, another dif-
ficulty arises. It appears that Abaqus uses a higher-order interpolation
function for cohesive laws in tabular format, which may cause spurious
oscillations if insufficient data points are defined. A simulation of a
single cohesive element that highlights this issue is shown in Fig. 9
on the same cohesive law as presented in Fig. 8b. When using only the
selected points in the tabular cohesive law, defined as ‘‘Input points’’ in
Fig. 9, spurious behavior is observed. In order to solve this, a procedure
is developed that will guarantee an accurate description of the tabular
cohesive law.

The flow diagram of this procedure is shown in Fig. 10. The input for
the methodology is the shape of the cohesive law which should contain
each line segment. The experimental cohesive law first needs to be
simplified or cleaned to ensure the J-curve and damage variable mono-
tonically increase. This means that typically only small adjustments are
required to directly use the shape of the experimental cohesive law.
However, it was found that a more smooth shape helps convergence as
it reduces sudden changes in stiffness. During this calibration process
it is important to ensure a close correlation with the experimental J-
curve, to guarantee that the same amount of energy is dissipated at each
segment of opening displacement. In order to adjust the desired accu-
racy of the tabular procedure, a constraint to the maximum increase
Fig. 10. Procedure for user-defined tabular cohesive law.
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in damage variable ▵ 𝑑𝑚𝑎𝑥 and displacement ▵ 𝛿𝑚𝑎𝑥 is introduced.
The damage variable is gradually increased from 0 to 1 by using the
maximum damage variable as a step size, and will thus influence
the table size. The resulting penalty stiffness is then calculated from
Eq. (21) and is used to calculate the line-segment intersection of the
cohesive law. The displacement at onset of damage (𝛿0 = 𝜏0∕𝐾) is
hen subtracted for the displacement at the increment (𝛿𝑖) of the line-
egment intersection in order to calculate the delta displacement. This
ncrease in displacement (𝛿𝑖𝑛𝑐𝑟) is checked against the constraint. If this
riteria is not met, the increase in damage variable is reduced and the
rocedure is repeated until the criteria is met. This value is then saved
n tabular format and the damage is further increased. This is repeated
or each cohesive law and loading mode. The FEM result to verify
he procedure on the high-penalty stiffness cohesive law is shown in
ig. 9 by comparing the input points to the resulting cohesive law. This
emonstrates that the cohesive behavior can be accurately simulated
sing the tabular approach.

. Experimental results

The experimental results for each test are presented and evaluated
sing the two data reduction approaches. The load–displacement curves
re compared to the analytical solution for each test and the R-curves
re presented. Furthermore, the experimental J-curves and cohesive
aws are processed for the numerical analysis and compared against
he experimental curves.

.1. Mode I - Double Cantilever Beam

All the mode I experimental results including pre-cracking are
hown in Fig. 11. As can be observed in the figure, DCB with different
nitial crack lengths are performed and also several pre-crack tests are
erformed. One typical test is selected for data reduction in the next
ection. The relation of this specific test to the other tests is then further
nvestigated and discussed.

The load–displacement curve of the selected test is compared to the
nalytical solution in Fig. 12a and the corresponding R-curve is shown
n Fig. 12b. The load–displacement curve consists of a pre-crack and a
ropagation part, which were tested separately and they are compared
o the analytical solution using 𝑎0 = 48 mm and 𝐺𝐼𝑐 = 1.12 kJ∕m2.

The first marker on the curve indicates the ‘NL point’ (first deviation
from linear portion of curve) and all other points represent visible
observations of crack growth and are indicated as ‘PROP’. The same
points are plotted in the R-curve with their corresponding calculated
fracture toughness from the data reduction method. The initiation
fracture toughness is approximately 0.7 kJ∕m2 and the propagation
fracture toughness 1.12 kJ∕m2. The resulting experimental J-curve and
ohesive law that are determined using the inverse method are shown
n Fig. 13a and b, respectively. For reference, the processed numerical
-curve and cohesive law which will be used as input for the numerical
nalysis are also given.

When taking a closer look at Fig. 13a it is found that the experimen-
al results show a plateau in the J-curve and an increase in fracture
oughness at a crack opening larger than 0.5 mm. In the cohesive

law of Fig. 13b, this effect is visible as the long tail, while most of
the energy dissipates at the start of the cohesive law. This effect can
also be observed experimentally as shown in Fig. 14a. The experiment
shows large scale fiber bridging and many broken fibers on the fracture
surface. The fracture surface is also investigated by means of Scanning
Electron Microscopy (SEM) at UdG. This is shown in Fig. 14b with a
magnification of 300x, and shows pull-out of large fiber bundles on
the fracture surface. A close-up using 1000x magnification in Fig. 14c
of a fiber bundle highlights extensive polymer drawing out in the plane
normal to the fiber direction and a large presence of polymer material
8

on the fibers.
Fig. 11. DCB test results, selected test for initial evaluation highlighted.

The influence of fiber bridging is investigated further by compar-
ing several DCB tests. This comparison is shown in Fig. 15a and all
tests show a consistent initiation fracture toughness of approximately
0.7 kJ∕m2, independent of initial crack length. However, the second
test (Fig. 15a, DCB 2) achieves a propagation fracture toughness of
approximately 0.95 kJ∕m2, which may suggest a smaller influence of
fiber bridging.

This is confirmed by comparing the experimental J-curves and
cohesive laws. This comparison is shown in Fig. 15b, where the scale
of the experimental cohesive law is adjusted to zoom in on the tail.
It is shown that, as the opening displacement increases, the propa-
gation fracture toughness of the first test increases to approximately
1.12 kJ∕m2 (I). This increase in energy can also be observed in the
experimental cohesive law, which makes it apparent that energy is
being dissipated due to fiber bridging (II). However, this is not the
case for the second test, which reaches a plateau in the J-curve and
no dissipation of fracture energy is observed in the tail of the cohesive
law (III). The plateau in the J-curve of Fig. 15b suggests that scatter
in the propagation fracture toughness may be mostly influenced by
the amount of fiber bridging, and that fiber bridging may not play an
important role for small cracks (<0.5 mm opening displacement). The
proposed methodology could be used to further investigate scatter in
the interlaminar properties and establish a lower, mean and upper-
bound J-curve. The J-curve can then be used to treat variation in
different parts of the cohesive law separately. This insight may be used
to support studies on uncertainty quantification related to variability
of the interlaminar behavior. It should also be noted that discarding
the pre-crack part of the load–displacement curve and using only the
propagation value in the numerical analysis would be unconservative
for small cracks.

3.2. Mode II - End-Notched Flexure

The interlaminar properties for mode II are characterized by means
of the End-Notched Flexure (ENF) test. The result of three ENF tests
are shown in Fig. 16 and are compared against the analytical solution.
The first (1) two tests are performed following the test standard with a
span of 100 mm and initial crack length of 𝑎0 = 40 mm. Very little stable
crack propagation is measured because of the large fracture process
zone that interacts with the load introduction point. Significant shear
deformation is observed over a large area. However, the exact size is
difficult to determine which support the choice of using an effective

crack length during the data reduction instead. Interaction with the
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Fig. 12. DCB test result: (a) Load–displacement vs. analytical solution (LEFM), nonlinear (NL) and crack propagation points (PROP); (b) R-curve with propagation points.
Fig. 13. DCB data reduction, experimental and numerical curves: (a) J-curve; (b) Cohesive law.
Fig. 14. Experimental evidence of fiber bridging: (a) Fiber bridging and broken fibers during DCB test; (b) SEM fracture surface showing pull-out of large fiber bundles; (c) SEM
close-up on fiber bundle.
load introduction point is also well predicted by the third part of the
analytical solution of the ENF test in Eq. (11). In order to mitigate
this issue, the test setup is adjusted (2) to 𝑎0 = 45 mm and span of
2𝐿 = 130 mm. The specimens are pre-cracked in mode I prior to testing.
For both configurations a good correlation with the analytical solution
is found.

This highlights that it is difficult to achieve stable crack propagation
with the ENF tests for materials that develop a large fracture process
zone such as thermoplastic composites. In literature, a value of 𝑎∕𝐿 >
0.7 is typically suggested [4] to achieve stable crack propagation. While
9

testing at a small 𝑎∕𝐿 ratio results in unstable crack growth [43]. The
downside to a too large 𝑎∕𝐿 is that it reduces the available room
to develop the fracture process zone before achieving stable crack
propagation (𝐿 − 𝑎). During the first test in Fig. 16, the configuration
was 𝑎∕𝐿 = 0.8 and 𝐿−𝑎 = 10 mm which is found to be insufficient. The
configuration of the second test was 𝑎∕𝐿 = 0.7 and 𝐿 − 𝑎 = 20 mm
and worked well, thus achieving a full development of the fracture
process zone. The lower bound related to unstable crack propagation
is not investigated, but it is likely that configurations in the range of
0.65 < 𝑎∕𝐿 < 0.75 would provide good results for this material system.
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J

a

Fig. 15. Fiber bridging influence on Mode I: (a) DCB tests with two selected results and comparison against analytical solution of 𝐺𝑐 = 0.7 kJ∕m2 and 0.95 kJ∕m2; (b) Corresponding
-curve and cohesive law for both tests with identification of initiation and fiber bridging 𝐺𝑐.
i

Fig. 16. ENF experimental results versus analytical solution.

The load–displacement of the ENF test is compared in Fig. 17a
10

gainst the analytical solution (𝑎0 = 45 mm and 𝑠𝑝𝑎𝑛 = 130 mm) for r
𝐺𝐼𝐼𝑐 = 2.35 kJ∕m2. The initiation fracture toughness appears to be
rather low and similar to the mode I initiation value. This is shown
in the R-curve of Fig. 17b for both the DBT [19] and CBBM data
reduction method from Eq. (8). The calculated crack length from the
CBBM method results in a different crack length compared to what
is visually observed. However, the propagation fracture toughness is
nearly identical, with the benefit that no visual observation of crack
propagation is required when using the effective crack length method.
The resulting experimental J-curve and cohesive law are shown in
Fig. 18a and b, respectively. For reference, the processed numerical J-
curve and cohesive law which are then used as input for the numerical
analysis are also given.

3.3. Mode II - Calibrated End Loaded Split

The interlaminar properties for mode II are also characterized by
means of the Calibrated End Loaded Split (CELS) test. Experimental
results for the three CELS tests are shown in Fig. 20a. The tests are
performed at a clamp length of 100 mm. The load–displacement of one
CELS test is highlighted in Fig. 20a and compared against the analytical
LEFM solution. From the calibration, a clamp correction of 13.64 mm
and a bending modulus of 134 339 MPa is calculated.

The compliance, 𝐶, of the individual tests at different clamp lengths
s plotted in Fig. 19 using 𝐶1∕3 to calculate 𝛥𝑐𝑙𝑎𝑚𝑝 at the intercept of the

egression line.
Fig. 17. ENF test result: (a) Load–displacement vs analytical (LEFM), nonlinear (NL) and crack propagation points (PROP); (b) R-curve with propagation points for both the DBT
and CBBM data reduction method.
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Fig. 18. ENF data reduction, experimental and numerical curves: (a) J-curve; (b) Cohesive law.
Fig. 19. CELS test calibration results and calculated clamp correction 𝐿𝑐𝑙𝑎𝑚𝑝.

The R-curve using both the visual and effective crack length is
shown in Fig. 20b. The effective crack length method results in a signif-
11

icantly higher crack length and fracture toughness compared to using
the visual crack length in Eq. (13). The propagation fracture toughness
of the effective crack data reduction method shows a good correlation
with the LEFM solution from Eqs. (15) and (16), and accounts for both
the crack tip and clamp correction.

The resulting experimental J-curve and cohesive law are shown in
Fig. 21a and b, respectively. The calculated fracture toughness based
on the effective crack length shows a good match with LEFM (𝐺𝐼𝐼𝑐 =
2.35 kJ∕m2). The experimental J-curve and cohesive law are determined
using a total length including clamp correction of 𝐿+𝛥𝑐𝑙𝑎𝑚𝑝 = 113.6 mm
in the inverse method. It is observed that at an opening displacement
of 0.15 mm the J-curve reaches a plateau around 𝐽 = 2.35 N∕mm
and the cohesive law approaches zero. After some more crack opening
the energy further increases. This effect is also visible on the load–
displacement and R-curve and is consistent with the data reduction
method based on the effective crack length in terms of fracture energy.
For reference, the processed numerical J-curve and cohesive law from
the ENF test (Fig. 18) are also given and it shows that they are
nearly identical. This demonstrates that the J-curve is independent
of the test configuration and consistent behavior between the two
tests is found, even though the tests are performed at different test
facilities.
Fig. 20. CELS test result: (a) Load–displacement vs analytical (LEFM), nonlinear (NL) crack propagation points (PROP); (b) R-curve with propagation points using visual (PROP
a) and effective crack length (PROP a_e) with clamp correction.
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Fig. 21. CELS data reduction, experimental and numerical curves: (a) J-curve; (b) Cohesive law.
Fig. 22. Mixed-mode bending 50% test result: (a) Load–displacement vs analytical (LEFM), nonlinear (NL) crack propagation points (PROP); (b) R-curve with propagation points.
3.4. Mixed-mode bending 50%

The interlaminar properties for mixed-mode behavior are charac-
terized by means of the Mixed-Mode Bending (MMB) test. The load–
displacement curves of three MMB tests at 50% mode I–II are shown
in Fig. 22a. The load–displacement curve of one of the MMB50 tests
is compared against the analytical LEFM solution using a initial crack
length of 𝑎0 = 40 mm, 𝐺𝐼𝑐 = 1.12 kJ∕m2, 𝐺𝐼𝐼𝑐 = 2.35 kJ∕m2 and
a BK-coefficient [44] of 2.9, which results in a mixed-mode fracture
toughness of 1.27 kJ∕m2. This comparison is shown in Fig. 22a, which
matches well with the R-curve presented in Fig. 22b. It is observed in
the R-curve that after some crack propagation, the calculated fracture
toughness reduces, which may be caused by interaction of the fracture
process zone with the load-introduction or changes in mode-mixity
during crack propagation.

3.5. Fractographic investigation

A fractographic investigation using SEM is performed to provide
insight into the interlaminar damage mechanisms during Mode I, Mixed
Mode I/II at 50:50 and Mode II loading conditions. The SEM micro-
graphs at different magnifications for each loading mode are presented
in Fig. 23. Experimental evidence of fiber bridging by means of SEM
12

micrographs is already presented in Fig. 14. The Mode I fracture surface
of a matrix rich location is shown in Fig. 23a and b. Extensive polymer
drawing out in the plane normal to the fiber direction is observed.
At several locations this occurred in circular patterns and signs of
plastic deformation are present. The circular pattern in the fracture
surface, and signs of patterns in the fiber beds, may suggest a relation of
the matrix-dominated failure mode with the crystallization kinematics
of the thermoplastic polymer matrix as they appear to be similar is
size [45]. During loading in Mixed Mode I/II at 50:50 the presence of
plastic deformation is even more pronounced and occurs at an angle
to the fiber direction as shown in Fig. 23c and d. The change in
angle is further confirmed by the CELS Mode II fracture surface as
shown in Fig. 23e and f, which features polymer drawing out and
extensive plastic deformation in the plane of the delamination. The
SEM micrographs confirm the absence of fiber bridging in Mixed Mode
I/II at 50:50 and Mode II loading conditions. These observations are in
line with Carlsson et al. who compared the fracture surface in mode I
and II of epoxy matrix and PEEK thermoplastic matrix composites, and
found very brittle behavior showing bare fibers and a small degree of
polymer deformation for the epoxy matrix composites in mode I, and
extensive hackling in mode II. The presence of plastic deformation in
both his and the present work confirms that energy dissipation due to
plastic deformation plays are important role in the interlaminar fracture
behavior of thermoplastic matrix composites.
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Fig. 23. SEM micrographs of fracture surface at different magnifications: (a) Mode I 1000x; (b) Mode I 3000x; (c) Mixed Mode I/II at 50:50 700x; (d) Mixed Mode I/II at 50:50
3000x; (e) CELS Mode II 700x; (f) CELS Mode II 3000x.
4. Analysis and discussion

Numerical analyses of the Double Cantilever Beam (DCB), End-
Notched Flexure (ENF), Calibrated End Loaded Split (CELS) and Mixed-
Mode Bending 50% (MMB50) tests have been simulated by using the
commercially available finite element software ABAQUS/Standard. The
result of both data reduction approaches as defined in Fig. 1 are simu-
lated in order to verify the derived interlaminar behavior and analysis
methodology. The specimens are modeled by using two-dimensional
plane strain elements (CPE4I) for the composite laminate and COH2D4
cohesive elements for the interface. A fine mesh of 0.1 mm is used
to ensure that sufficient elements are within the fracture process zone
[46]. The rolling conditions of the CELS test are not modeled, instead
the beam length is increased by the clamp correction length and fixed.
13
Table 2
Summary of geometric parameters used in the numerical analysis.

Test 𝑊 2ℎ 𝑎0 𝐿 𝐿𝑐𝑙𝑎𝑚𝑝 𝑐
[mm] [mm] [mm] [mm] [mm] [mm]

DCB 25 4.2 40/48 100 – –
ENF 25 4.2 40 65 – –
CELS 25 4.2 56 100 13.64 –
MMB50 25 4.2 40 65 – 54.4

The values for the relevant geometric parameters that are used in the
numerical analysis are summarized in Table 2 and the geometry follows
the configurations as specified in Section 2.

The elastic material properties that are used in the analysis are
specified in Table 1. For the Young’s modulus 𝐸 and 𝐸 , the average
11 22
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Fig. 24. Summary of numerical cohesive laws and corresponding J-curves.
of tension and compression is used. The initiation strength values of
the numerical cohesive laws are based on the prediction from the
experimental cohesive laws and are aligned to the strength values
reported in [15]. Therefore, the mode I initiation strength is set equal
to the matrix tensile strength 𝑌𝑇 of 87 MPa. However, the mode II
initiation strength is not set equal to the matrix 5% offset shear strength
𝑆𝐿. Damage initiation in mode II occurs at a much smaller shear
strain [47], therefore the mode II initiation strength value is set to
the 0.5% offset shear strength of approximately 60 MPa. The value is
estimated from the nonlinear parameters and equations in [15]. For
the penalty stiffness of the interface, a value of 𝐾 = 106 N∕mm3 is
used. Considering the amount of plastic deformation on the fracture
surface in Fig. 23, and predicted initiation strength by the inverse
method in the range of 45–60 MPa, it becomes apparent that a large
portion of the fracture energy at the start of the cohesive law is likely
due to plastic deformation. Depending on the choice of shear initiation
strength, this would results in either an exponential or trapezoidal
shape of the cohesive law. In the current work, an exponential shape is
assumed. It is also expected that constraining effects of different fiber
orientations on plasticity may need to be considered. However, this is
not included in the present study. In Section 3.1 it is shown that fiber
bridging has a significant influence on the mode I fracture toughness.
It is concluded that the propagation fracture toughness without the
influence of fiber bridging is approximately 0.95 kJ∕m2 and no clear
signs of fiber bridging are observed during evaluation of the mode II
and mixed-mode 50% test. This means that the BK-coefficient [44] for
mixed-mode behavior could be calculated with or without the influence
of fiber bridging for simulations that do not take into account R-curve
effects. The BK-coefficient with the influence of fiber bridging is 2.9 and
without is 2.1. The cohesive laws derived for Mode I and II as defined in
Section 3 are implemented into a single material card in tabular format,
considering the mixed-mode behavior. It is assumed that the shape of
the mixed-mode 50% follows an exponential form, similar to mode II,
while respecting the mixed-mode fracture energy and initiation stress
according to the BK-criterion including fiber bridging. A summary of
the numerical cohesive laws and corresponding J-curves are given in
Fig. 24.

The simulation results of using both tabular and linear cohesive
laws are compared against the experimental load–displacement and
analytical solutions in Fig. 25 for all the different test configurations.
The results for the DCB simulation are shown in Fig. 25a and the
simulation using the tabular cohesive law matches the experimental
load–displacement curve and the R-curve effect with high accuracy.
When using the traditional data reduction approach and only the prop-
agation fracture toughness in the numerical analysis, similar results
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as the analytical LEFM solution are achieved. This means that the
numerical results will be inaccurate and unconservative for cracks
smaller than 15 mm as also indicated by the R-curve in Fig. 12.

Simulating the mixed-mode bending 50% test using linear softening
and low initiation strength in mode II, results in early propagation
and inaccurate predictions, as explained in more detail in [20] and is
solved by setting the shear initiation strength to the 5% matrix shear
strength 𝑆𝐿 = 90 MPa. This results in the correct propagation behavior
as shown in Fig. 25b, but no R-curve effect is observed. Initially, the
mixed-mode bending 50% test also showed some issues for the tabular
approach. A large mismatch during propagation as indicated by the red
dotted line in Fig. 25b is observed. It is found that this may be caused
by the large difference in shape of the mode I and II cohesive laws
due to fiber bridging, which may result in incorrect interpolation for
the modes that are not included in the tabular format. Fiber bridging
was not observed during the MMB50 test, however the exact mode-
mixity at which this effect is not present anymore is not determined
experimentally, but it is assumed to be close to mode I. It is there
decided to insert another cohesive law at a mixed-mode of 10% to
cut the fiber bridging contribution from the total fracture toughness.
It was found that the J-curve of the 10% and 50% cohesive laws need
to reach their propagation values according to BK [44] at a much
shorter opening displacement compared to mode I. From this it can
be concluded that the BK interpolation is valid for the total energy,
but not for the individual parts of the J-curve as shown in Fig. 24.
The difference between including the additional cohesive law at 10%
mode mixity (B = 0.1) is further investigated using the MMB50 test.
It is found that a significant change in the size of the fracture process
zone is observed and also a large difference in mode-mixity as damage
progresses. This is shown in Fig. 26 which shows the ABAQUS field
output mode mix at damage evolution (MMIXDME) for the two different
configurations. Therefore, it would be beneficial to perform additional
experimental tests at different mode mixity, but it also demonstrates
that the new tabular approach can be used to easily estimate the
intermediate shapes of the cohesive law and it is not constrained to
a fixed mixed-mode interaction for the whole J-curve.

It is also shown that both the ENF and CELS test can be predicted
using the same cohesive law by comparing the numerical analysis
with the experimental results in Fig. 25c and d, thus showing that the
cohesive law is independent of the test configuration. Using the low
initiation strength already predicts part of the initial nonlinearity in
the ENF load–displacement curve as shown in Fig. 25c, and using the
tabular cohesive law further improves this. For the CELS test, as shown
in 25d, the numerical analyses predicts the average of the experimental
load–displacement curves with an improvement in the initiation when
using the tabular approach. Summarizing, it is concluded that by using
the proposed methodology the experimental load–displacement curves
can be accurately predicted for all four tests, while using only a single

material card as input.
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Fig. 25. Experimental versus numerical results: (a) Mode I — Double Cantilever Beam; (b) Mixed-Mode Bending 50%, dotted line excluding B = 0.1 cohesive law; (c) Mode II —
End-Notched Flexure; (d) Mode II — Calibrated End Loaded Split.
Fig. 26. Mixed-mode bending 50%, mode mixity in fracture process zone: (a) Tabular cohesive law excluding B = 0.1; (b) Tabular cohesive law including B = 0.1;.
5. Conclusions

The interlaminar behavior of AS4D/PEKK-FC thermoplastic compos-
ites is characterized and analyzed during quasi-static loading, while
considering fiber bridging and R-curve effects. Mode I, II and Mixed
Mode I/II at 50:50 experimental tests and numerical analyses are
performed on the Double Cantilever Beam, End-Notched Flexure, Cal-
ibrated End Loaded Split and Mixed-Mode Bending 50% test config-
urations. Mode II testing with the End-Notched Flexure test method
appeared to be difficult due to the large fracture process zone, but this
could be adjusted for by using a larger span and a different initial crack
length. Scanning electron microscopy is performed to provide new
insights into the interlaminar damage mechanisms present in this large
fracture process zone. The SEM micrographs confirmed the presence of
large scale fiber bridging and significant plastic deformation is observed
15
in the thermoplastic polymer matrix. The SEM micrographs also con-
firmed the absence of fiber bridging in Mixed Mode I/II at 50:50 and
Mode II loading conditions and suggests that polymer crystallization
plays and important role in the matrix-dominated behavior. A new data
reduction approach based on only the load–displacement is validated
on thermoplastic composites. This approach provides a convenient way
of evaluating the experimental data, especially when it is difficult to
accurately monitor the crack tip experimentally due to the large frac-
ture process zone. By using this new approach it is also found that the
cohesive laws of the Mode II tests were nearly identical, which confirms
that the cohesive law is indeed independent of the test configuration.
It is also shown that, even though both mode I and II tests were
performed in different labs with different testing methods, reproducible
results are obtained. Furthermore, a new procedure is developed to
implement user-defined cohesive laws in commercial finite element



Composites Part A 162 (2022) 107101B.H.A.H. Tijs et al.

g

o
c
t

D

c
i

D

A

n
C
l
a
d
c
a
f
p

D

t
o
c

software, without the need for user-subroutines. The procedure ensures
an accurate solution, even when a high penalty stiffness and/or rapid
changes in shape of the cohesive law are present. The use of these
new methods also provides new insights into the role of fiber bridging
on the mixed-mode interlaminar behavior. Especially in mode I, a
large influences in the fracture toughness is found, while the initiation
fracture toughness is found to be rather low. As fiber bridging is not
present during all mode I tests, it is considered to be a likely source of
scatter in the propagation fracture toughness. It is also found that fiber
bridging only contributed when sufficient crack opening is present.
This makes accounting for the full cohesive law important, especially
for small cracks that do not benefit from this increased mechanical
property. Mixed Mode I/II at 50:50 and Mode II loading conditions
also showed low initiation fracture toughness values. However, the
initiation strength values from the experimental cohesive laws were
found the be in line with the low shear initiation strength measured
during during cycle in-plane shear loading from literature. The means
the shear initiation strength is close to the 0.2% or 0.5% off-set shear
strength. The resulting mixed-mode tabular cohesive laws are success-
fully implemented into a single material card for the numerical analysis
and allows to obtain good correlation for all the different experimental
test configurations.
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