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A B S T R A C T

Thermoplastic composite welding is a key technology that can help to make the aviation industry more
sustainable, while at the same time enable high-volume production and cost-efficient manufacturing. In this
work, characterization, testing and analysis of thermoplastic composite conduction welded joints is performed
while accounting for the influence of the manufacturing process. Test specimens are designed from welds of
a half a meter long welding tool that is developed to weld the stiffened structures of the next-generation
thermoplastic composite fuselage. In the design, special attention is paid to the weldability of the laminates,
while ensuring fracture occurs only at the welded interface. Two specimen configurations are evaluated for the
Double Cantilever Beam and End-Notched Flexure characterization tests. Moreover, Single Lap-Shear specimens
are tested in tension and in three-point-bending. Finally, the characterized material properties are introduced in
finite element analyses to demonstrate that the cohesive zone modeling approach can be used to conservatively
predict the strength of these welded joints. New insights are obtained in the relation between the manufacturing
process, the quality of the weld and the mechanical properties of the joints, which are significantly different
compared to autoclave consolidated composites.
1. Introduction

The use of thermoplastic composite materials can substantially in-
crease the sustainability of the aviation sector through achieving a
paradigm shift in aircraft manufacturing. Thermoplastic composites
may enable such a shift and can offer improved mechanical proper-
ties, ‘unlimited’ shelf life and provide a number of advantages that
can benefit cost-efficient and high-volume manufacturing. One of the
recent advancements as part of the EU’s Clean Sky 2 initiative is
the Multi-Functional Fuselage Demonstrator (MFFD) [1]. This demon-
strator gives a glimpse of what a next-generation aircraft could be
and makes use of new joining techniques such as thermoplastic weld-
ing. Compared to typical manufacturing processes such as autoclave-,
oven- and press-consolidation, thermoplastic welding can achieve much
shorter processing times (seconds to minutes). The most established
thermoplastic welding techniques are induction, ultrasonic and resis-
tance welding [2]. Another method of joining thermoplastic composites
is conduction welding, currently under development at Fokker/GKN
Aerospace [3,4] and patented [5].

One of the main benefits of thermoplastic welding is that it reduces
the amount of mechanical fasteners required. However, introducing
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E-mail address: bas.tijs@fokker.com (B.H.A.H. Tijs).

these fastener-free joints also comes with new challenges such that
the strength of the structure becomes more reliant on the properties
of the thermoplastic matrix material [3,6–8]. Furthermore, these prop-
erties may also be influenced by the welding process parameters. For
composite fuselages, skin-stiffener separation [9–12] is one of the most
common failure modes [13–15], which makes the strength of these new
fastener-free joints [16] especially important.

A common methods to test the strength of thermoplastic composite
welded joints is by means of Single Lap-Shear (SLS) joints. These
specimens are straightforward to manufacture and test, and are of-
ten used as a tool to determine the strength and quality of welded
joints [17]. There is no specific standard for composite welded joints,
therefore researchers typically make use of the test standards of metal-
lic (e.g., ASTM D1002 [18]) or laminated (e.g., ASTM D3165 [19],
ASTM D5868 [20]) bonded joints. Other methods to test composite
welded joints are for example double-lap shear and pull-through [21],
interlaminar shear strength [22] and three-point bending [23]. All
of these tests may be used to compare strength values for a specific
configuration, but just as the SLS test, they only provide an apparent
strength value, and do not provide direct material property values that
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can be used in a general analysis method to predict different designs.
The joint typically fails under mixed-mode (combined peel and shear)
loading condition, which makes it generally highly dependent on the
configuration, geometry, boundary conditions and secondary bending
effects [24,25]. Furthermore, when joining composite laminates, Tijs
et al. [3] showed that the failure mechanisms such as matrix cracks
and delaminations [26] in the surrounding plies near the welded joint
play an important role in the strength and failure behavior of the
welded joint. It is also shown that the apparent fracture toughness
of the welded joint is a factor 2.5 higher compared to the autoclave
consolidated fracture toughness [6], which suggests that the welding
process may locally affect the material properties [27].

Manufacturing process parameters that may influence the material
properties of the thermoplastic material and welded joint are local tem-
perature gradients, heat-up speed, constant time and temperature at the
welded interface. These parameters may affect the flow of the polymer,
the melting conditions, the crystallization kinetics or may significantly
influence the final crystallinity of the material [28]. Furthermore, the
welding process may introduce thermal residual stress due to both the
high temperature and shrinkage of the material during crystallization.
Sacchetti et al. [29] showed that the fracture toughness of thermo-
plastic composites may significantly increase during high cooldown
rates, which can be explained by a limited amount of crystallization
of the semi-crystalline polymer, making the material more ductile.
Other thermoplastic polymers, such as the fast-crystallizing Poly(Ether-
Ketone-Ketone) thermoplastic polymer (PEKK-FC) [28], achieve full
crystallization (approximately 30%) even at cooldown rates up to
−60 ◦C/min. However, the manufacturing process parameters for heat-
ng and cooldown during welding may be much faster. Furthermore, a
hick interface or resin pockets may also play an important role [30]
n the fracture behavior and toughness as it allows for more plastic
eformation at the crack tip. The material fracture properties of ther-
oplastic welded composites cannot be directly derived from single

ap-shear tests due to mixed-mode loading conditions as previously dis-
ussed. Researchers have instead used autoclave consolidation to study
he key parameters such as temperature, pressure and time that govern
he joining process [31]. Furthermore, for some welding methods such
s ultrasonic welding Double Cantilever Beam (DCB) and End-Notched
lexure (ENF) tests were manufactured to characterize the pure mode I
nd II fracture toughness [27]. For ultrasonic welding, the use of energy
irectors may allow for welding of unidirectional (UD) plies, however
or other methods such as conduction welding this is very difficult due
o the difference in thermal conductivity in longitudinal and transverse
irection of the UD plies.

The characterized fracture properties can be used in analysis meth-
ds by means of the Cohesive Zone Model (CZM). The main benefit of
his methodology is that it can predict both the onset and propagation
f damage, without the need to define an initial flaw as required
or virtual crack closure techniques [14]. The CZM methodology has
een used extensively already to evaluate the strength of adhesively
onded joints [32,33], delaminations [34] and more recently also on
hermoplastic composite welded joints [3,35]. The CZM approach can
lso account for changes in the mechanical behavior of the interface,
or example plasticity or fiber bridging, which are found to have a
ignificant influence on the total amount of dissipated energy during
racture as shown by Tijs et al. [6,36].

Considering the aforementioned challenges, it is therefore needed
o characterize and analyze the fracture behavior of thermoplastic
onduction welded joints taking into account also the influence of
he welding manufacturing process parameters on the weld quality
nd mechanical properties of the joints. The link between design,
anufacturing and the analysis methodology is considered to be of
igh importance in the design and certification of the new fastener-free
hermoplastic composite structures.

In this work, the characterization and analysis of thermoplastic
2

omposite conduction welded joints is performed accounting for the
influence of the manufacturing process. The work consists of the speci-
men design to characterize the fracture toughness of conduction welded
joints and to validate the use of the material properties in cohesive
zone finite element analysis. The characterization and validation is
performed by means of an extensive experimental campaign of con-
duction welded joints manufactured under different process conditions.
DCB, ENF and SLS specimens are welded by means of a half a meter
long welding tool, representative of the process used to weld stiffened
structures of the next-generation thermoplastic composite fuselage.
During the design of the specimens, special attention is paid to the
weldability of the laminates, while ensuring that fracture occurs only at
the welded interface. For the design of the fracture toughness charac-
terization specimens, two configurations are designed and tested. The
welded joints are also tested during different loading conditions by
means of SLS specimens in tension and three-point-bending. Finally,
the characterized material properties are used in numerical analyses to
evaluate if the cohesive zone modeling approach can be used to reliably
predict the strength of these welded joint and to validate the proposed
methodology.

2. Conduction welding the next-generation thermoplastic com-
posite fuselage

The MFFD is a 8.5 meter long thermoplastic composite-made fuse-
lage demonstrator that is 4 meter in diameter. The main objective of
the MFFD is to demonstrate the benefits of integrating various functions
such as passenger/cargo transport, electrical/mechanical/hydraulic
systems, interior as well as load carrying capability [1]. The MFFD
is stiffened by means of omega profiles which are joined to the skin
through conduction welding. Fig. 1 shows an overview of the stiffened
skin (1a) with close-ups of the welding tool (1b) and the welded omega
stiffener (1c).

The conduction welding process is based on locally heating the
surface of the part as shown in Fig. 2a. The tool generates the weld bath
by heat conduction from the stamp at the top through the laminate and
heat is applied until the laminates are locally melted at their interface.
Pressure is applied during heating and this force is reacted by the anvil
on the opposite side of the stamp. The weld tooling consists of both
stamps and heatsinks. The tooling design [5] can accommodate for
changes in laminate thickness along the weld direction and the heatsink
prevents the top laminate from melting over the full width in order
to guarantee a good quality top laminate. An example of the stamp
imprint is visible in Fig. 1c. Conduction welding is therefore suitable
and scalable for welding of large aeronautical parts and can easily take
care of absorbing manufacturing tolerances like gaps. Another benefit
of conduction welding is that it does not require addition of welding
specific materials such as energy directors or conductive strips. The
manufacturing process cycle of conduction follows the same principle
as autoclave consolidation, but at a much shorter time span. A typical
process cycle is shown in Fig. 2b and consists of a heat-up, consolida-
tion and cooldown phase. It is aimed to reach the consolidation phase,
also referred to as constant-time, as quickly as possible to shorten the
process cycle. The implication is, that in order to reach the required
melting temperature at the welded interface, a higher temperature is
applied at the stamp side. This temperature needs to be high enough
to allow for a quick process cycle, but low enough not to damage the
material near the stamp.

In this work, several welding process cycles are defined to study the
influence on the weld quality and mechanical properties. The temper-
ature during welding is monitored by means of several thermocouples
at the top, bottom and weld interface along the width of the 0.5 meter
tool. Two different studies were performed, namely the (I) influence
of welding temperature and (II) the influence of cooldown method.
For the first study, the characterization specimens were welded at four
different weld interface temperatures in steps of 25 ◦C: (1) ∼325 ◦C,

◦ ◦ ◦
(2) ∼350 C, (3) ∼375 C and (4) 375+ C. The temperatures are
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Fig. 1. Multi-Functional Fuselage Demonstrator: (a) omega stiffened skin structure; (b) welding tooling; (c) close-up welded omega stiffener.
Fig. 2. Conduction welding process: (a) Schematic; (b) Typical manufacturing process cycle.
indicated as approximate, as some variation in temperature is observed
along the length of the weld. The lowest temperature is way below
the typical autoclave consolidation temperature of ∼375 ◦C [6,28],
but it is observed in the thermocouple data that the onset of melting
is likely around this temperature. In the evaluation the temperatures
(2), (3) and (4) are referred to as cold, typical and hot temperature,
respectively. However, during characterization it is found that the low-
est temperature (1) provided a kissing joint and not a weld, therefore
the single lap shear tests were welded only at cold, typical and hot
temperature. The constant-time is kept consistent for all welds. For the
cooldown phase during the first study a constant cooldown is chosen.
During the second study three different methods of cooldown are
evaluated: (a) free cooldown, (b) controlled cooldown, and (c) stepped
cooldown. Free cooldown resulted in the fastest process cycle and is
achieved by switching off the generator. During stepped cooldown, the
generator is turned off to cool down freely up to the crystallization
temperature of approximately 275 ◦C [28] after which the temperature
is kept constant at this temperature for a certain amount of time.
This is achieved by restarting the generator at a known power setting
that would result in a welding temperature of approximately 275 ◦C.
Controlled cooldown is achieved by reducing the generator power in a
linear step-wise approach which would result in a constant cooldown
rate. In order to have consistency between different welds, a pre-
heating step is introduced to warm up the tooling and the specimens
3

prior to starting the welding process. Further details on the welding
recipes are considered proprietary information and not provided.

3. Design and manufacturing of conduction welded joint speci-
mens

An overview of the welded joint specimens is shown in Fig. 3.
Characterization of the welded fracture toughness is performed in mode
I by means of the DCB test, while the mode II fracture toughness is
characterized using the ENF test as shown in Fig. 3a. The specimens
are designed to closely match the geometry and manufacturing process
of the thermoplastic composite fuselage structure and are chosen to be
representative of a skin-stringer flange. The welded laminates follow
the typical dimensions of the flange and are 30 mm wide. Furthermore,
the layup of the laminates is chosen to be quasi-isotropic as it has
proven to be difficult to weld unidirectional (UD) laminates. However,
the welded interface of the quasi-isotropic laminates is chosen to be
0/0-degree to ensure that fracture only occurs in the welded interface
and that no secondary failure modes in the surrounding plies occur [3].

The welded joints are also tested during different loading conditions
by means of SLS specimens in tension and three-point-bending as
shown in Fig. 3b. These tests are conducted to validate the use of the
characterized material properties in the analysis.
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Fig. 3. Characterization and validation tests of conduction welded joints: (a) characterization, DCB and ENF; (b) validation, SLS tensile and 3PB.
Table 1
AS4D/PEKK-FC thermoplastic composite properties [3,6].
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 –

𝐺𝐼𝑐𝑝 Mode I matrix fracture toughness, propagation 1.12 kJ/m2

𝐺𝐼𝐼𝑐𝑝 Mode II matrix fracture toughness, propagation 2.35 kJ/m2

𝜂 Benzeggagh–Kenane coefficient 2.9 –

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
3.1. Material properties

The material used in this work is the thermoplastic composite
Solvay APC(PEKK-FC) thermoplastic polymer prepreg [28]. The fiber
of the prepreg is the continuous unidirectional AS4D fiber and the
nominal ply thickness is 0.14 mm. Manufacturing of the laminates
that are welded is performed by means of autoclave consolidation.
The autoclave process cycle is chosen to be representative for large
aeronautical parts, which means a long cycle with a constant phase
and slow cooldown speed is used. The mechanical properties of the
AS4D/PEKK-FC thermoplastic composite material are provided in [3]
and the relevant properties that are used in this research are summa-
rized in Table 1. The properties are measured at room temperature
ambient conditions.

3.2. Specimen design

Two AS4D/PEKK-FC laminates that consists of 16 unidirectional
plies each are manufactured by autoclave consolidation. The laminates
are Quasi-Isotropic (QI) [0/45/90/-45/0/-45/90/45]𝑆 with the 0 di-
rection in the length of the laminate and are welded on the 0/0-degree
interface. For the characterization specimens (DCB and ENF), 540 mm
long strips, 30 mm wide, are machined and are placed on top of each
other as shown in Fig. 4a in the welding tool. In the center of welded
laminates a 125 mm wide UPILEX foil with a thickness of 12.5 μm
is placed as insert to start the crack. The UPILEX foil is pre-treated
with release agent. The benefit is that a very thin single insert can be
used, thus guaranteeing a sharp as possible initial crack tip [6]. Two
characterization (DCB or ENF) specimens are cut from a single weld.

The full length laminates are cut in half to create two test specimens
and are each machined to a length of 225 mm, with an initial insert
length of 60 mm. This specimen size means that the specimens are long
4

enough to test both the mode I and II fracture toughness on the same
specimen, or several tests on the same specimens, which is convenient
during this research to develop the methodology. However, for actual
characterization 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 [6]. After welding, the specimens
are machined to a typical specimen width of 25 mm for the full weld
specimens and 12.7 mm for the weld center specimens as shown in
Fig. 4b. The width of 12.7 mm for the center specimens is chosen as the
typical width of the welded interface is in the range of 14 to 18 mm,
depending on the weld temperature. Cutting at the center of the weld
for the weld center specimens is shown in 4c. The SLS specimens are
machined from two 540 mm long laminates that are welded on the
overlap as shown in 5a. The 0-degree direction is in the load direction
of the specimen, so the welded interface is 0/0-degree. The specimen
design of SLS specimens as shown in Fig. 5 follows ASTM standard
D3165 [19], with a total length of 120 mm an overlap length of 30 mm
and nominal width of 25 mm.

4. Methodology

The conduction welded joints are characterized, tested and an-
alyzed. Testing is performed at Delft University of Technology (TU
Delft). All the experiments are monitored by both a crack monitoring
camera and Digital Image Correlation (DIC) system. For the numerical
analysis, Abaqus commercial finite element software [37] is used.

4.1. Welded double cantilever beam test

The Double Cantilever Beam (DCB) test is performed to characterize
the pure mode I fracture toughness of the welded interface. The test
configuration of the DCB test with geometrical parameters is shown
in Fig. 6a. The DCB tests follow the ISO 15024 test standard [38]

and loading blocks are used to load the specimens. The crack length
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Fig. 4. Welded joint characterization specimens: (a) Welded laminates with upilex foil insert; (b) Full weld and center weld specimen design; (c) Machining of center weld
specimens.
Fig. 5. Welded joint validation specimen: (a) Welded laminates and SLS cutting scheme; (b) SLS specimen dimensions.
during the propagation tests is closely monitored by means of a crack
monitoring camera and a Digital Image Correlation (DIC) system as
shown in Fig. 6b. The specimens are tested on a tensile testing machine,
at a displacement rate of 0.5 mm/min.

The initial crack length (𝑎0) for each configuration is determined
by means of a compliance calibration procedure. This is done to ensure
that the compliance of the QI welded specimens match the UD tests on
autoclave consolidated specimens performed by Tijs et al. [6] so that
the load–displacement curves can be easily compared. The compliance
calibration procedure consists of the following steps. First, different
initial crack lengths as shown in Fig. 7a are tested in the elastic
region of the load–displacement curve and the compliance is measured.
Secondly, the compliance for each test is plotted in a graph as shown
in 7b and a line is fitted. The slope (m) and intercept (n) can then be
used to determine the crack length correction factor (𝛥) at 𝐶1∕3 = 0
as illustrated in Fig. 7b. This parameter can also be determined as
𝛥 = 𝑛∕𝑚. The crack length that would result in the same compliance for
each configuration can now be determined from Fig. 7b or calculated
from 𝐶1∕3−𝑛 = 𝑎. These steps are repeated for each configuration and
5

𝑚

Table 2
Compliance calibration parameters of the difference DCB specimens.

Configuration 𝑎0 𝐿0 m n 𝛥

Autoclave UD: 25 mm 47.4 59.9 0.006060 0.055641 9.18
Full weld QI: 25 mm 44.3 56.8 0.006908 0.036918 5.34
Weld center QI: 12.7 mm 36.2 48.7 0.008594 0.032224 3.75

the resulting parameters are summarized in Table 2, where 𝐿0 is the
distance to the front of the loading blocks.

The Corrected Beam Theory (CBT) is used for the experimental
data reduction method and follows the ISO 15024 test standard [38].
Following this method, the critical mode I energy rate 𝐺𝐼𝐶 is:

𝐺𝐼𝐶 = 3𝑃𝛿
2𝑏 (𝑎 + 𝛥)

( 𝐹
𝑁

)

(1)

where

𝐹 = 1 − 3 ( 𝛿 )2
− 3

(

𝛿𝑙1
)

(2)

10 𝑎 2 𝑎2
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Fig. 6. DCB test at TU Delft: (a) Geometrical parameters; (b) Test setup with crack monitoring camera and DIC system.
Fig. 7. Compliance calibration methodology: (a) DCB configuration at different crack lengths; (b) Compliance calibration procedure and results.
𝑁 = 1 −
(

𝑙2
𝑎

)3
− 9

8

[

1 −
(

𝑙2
𝑎

)2
]

(

𝛿𝑙1
𝑎2

)

− 9
35

( 𝛿
𝑎

)2
(3)

where 𝑃 and 𝛿 are the load and displacement, 𝑎 is the total crack
length during crack propagation and 𝑏 is the specimen width. The
factor 𝐹 corrects for large displacement, 𝑁 corrects for stiffening of the
specimen by the loading blocks and 𝛥 is determined by the compliance
calibration approach. 𝑙1 and 𝑙2 are distances to the loading pin center,
as described by the test standard [38].

4.2. Welded end-notched flexure test

The End-Notched Flexure (ENF) test [39], consists of a three point
bending setup of a welded specimen that has a pre-crack at one of its
ends. The test is standardized in ASTM D7905/D7905M [40] and is
commonly used due to its simplicity to characterize the mode II fracture
toughness. Fig. 8a shows the geometrical parameters of the ENF test
and Fig. 8b shows the test setup with crack monitoring camera and
DIC system.

A compliance calibration approach, based on the test standard [40]
is used to determine the test setup parameters for the different config-
urations. The approach is shown in Fig. 9a and consists of testing the
compliance of specimens at different crack lengths (𝑎0) and spans (2𝐿).
The compliance of each test is then plotted against 𝑎3, as presented
in Fig. 9b and a trendline is constructed. The slope, 𝑚, and intercept,
𝐴, of this trendline can then be used in the data reduction method to
calculate the mode II fracture toughness. When the proposed method
is used to characterize different welded laminates and layups, special
6

attention needs to be paid to selecting a configuration that will ensure
stable crack propagation. This is achieved by following the guidelines
from Tijs et al. [6], which is briefly explained below.

It appeared not to be feasible to test each configuration at the same
compliance while also respecting the above mentioned guidelines. It is
found that testing the ENF specimens in a compliance range of 0.003
to 0.004 provides good results, if at the same time, the available crack
growth length, 𝐿𝑐𝑔 > 20 mm, and a stability limit, 𝑎0∕𝐿 > 0.55 is
respected. Several spans and crack lengths were tested to investigate
the best setup and the parameters of the configurations selected in this
study are presented in Table 3.

The following equations are used in the data reduction method to
determine the mode II fracture toughness 𝐺𝐼𝐼𝐶 [40]:

𝐺𝐼𝐼𝐶 = 3𝑚𝑃 2𝑎2

2𝑏
(4)

𝑎𝑐𝑎𝑙𝑐 =
(𝐶 − 𝐴

𝑚

)

1
3 (5)

where C can be determined for each point along the load–displacement
curve (𝐶 = 𝛿∕𝑃 ) or calculated from:

𝐶 = 𝐴 + 𝑚𝑎3 (6)

4.3. Welded single lap shear tensile test

Static tensile SLS tests are performed according to ASTM D3165
[19] until failure. This test is performed as validation for the analysis
approach. The tests are carried out using a ZWICK 250kN universal test
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Fig. 8. ENF test at TU Delft: (a) Geometrical parameters; (b) Test setup with crack monitoring camera and DIC system.
Fig. 9. Compliance calibration methodology: (a) ENF configuration at different crack lengths; (b) Compliance calibration procedure and results.
Table 3
Compliance calibration parameters of the difference ENF specimens and configurations.
Configuration 𝑏 2𝐿 (span) 𝑚 𝐴 𝑎0 𝑎0∕𝐿 𝐿𝑐𝑔

[mm] [mm] [-] [-] [mm] [mm] [–]

Autoclave UD 25.0 130 1.546E−08 2.493E−03 45.0 0.69 20
Full weld QI 25.0 130 2.013E−08 4.347E−03 40.0 0.62 25
Full weld QI 25.0 115 1.594E−08 3.105E−03 33.5 0.58 24
Weld Center QI 12.7 90 3.407E−08 2.775E−03 25.0 0.56 20
machine with hydraulic grips. The specimen size is small compared
to the grip size, so a short gripping length (𝐿𝑔𝑟𝑖𝑝) is used and set to
35 mm. The hydraulic grips allow for an offset in gripping position so
that bounding of tabs is not required to prevent secondary bending due
to clamping. Due to the small specimen size, the cross-head speed is set
to 0.1 mm/min and a clamping pressure of 100 bar is used to prevent
slippage. The testing machine automatically adjusts the displacements
to account for compressive forces in the specimen due to clamping. DIC
pictures of the specimens were taken before and after clamping to ac-
count for pre-stressing due to clamping. Fig. 10a shows the geometrical
parameters of the SLS test. One side of the specimen is speckled for
DIC and the other side of the specimen is marked as shown in Fig. 10b
to visually follow the crack tip. Markings are placed starting from the
edge of the weld stamp, which is a few millimeters wider compared to
the width of the welded interface (𝑤𝑤𝑒𝑙𝑑) due to the thermal gradient
through the thickness of the conduction weld. DIC is also used to
evaluate the specimen deformation and for comparison against the
measured load–displacement curves which include the compliance of
testing machine.
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4.4. Welded single lap shear 3-point bending test

Three-point-bending tests are performed on the single lap shear
specimens (SLS-3PB) on a test fixture according to procedure A of ASTM
D7264 [41]. The aim is to load the welded joint in a different conditions
compared to the tensile test, in order to validate the analysis approach
for a different loading condition and thus study damage initiation and
propagation under different mode-mixity. The specimens are positioned
at the center of the overlap, which might have a slight mismatch with
the center of the weld, due to inaccuracy in the actual weld position.
The geometrical parameters of the 3PB test are given in Fig. 11a.
Typically, this test is performed on flat laminates with leveled rollers.
Therefore, for the single lap shear joints one of the rollers is shimmed
by using a laminate of the same thickness as the one of the single
lap shear specimen arms as shown in Fig. 11b. The span (2𝐿) is set
to 60 mm and a loading speed of 1 mm/min is used. The same crack
monitoring system and DIC setup are used so that the development of
the fracture process zone can be studied and compared between the
different tests.
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Fig. 10. SLS tensile test at TU Delft: (a) Geometrical parameters; (b) Close-up of SLS specimen in hydraulic grips.
Fig. 11. SLS-3PB test at TU Delft: (a) Geometrical parameters; (b) Test setup with crack monitoring camera and DIC system.
4.5. Finite element model

The experimental results are compared to a numerical model of the
welded joints using the built-in functionality of the Abaqus commercial
finite element software. Finite element analysis are used instead of
analytical solutions, because the test coupons are non-standard com-
pared to the typical UD specimens with full-width interface. The welded
interface of the full weld specimen as shown in Fig. 4b has a partial
weld width compared to weld center specimens and both specimens
have a QI layup. The geometry, boundary conditions and loading of the
models follows the dimension shown in Fig. 6a (DCB), Fig. 8a (ENF),
Fig. 10a (SLS tensile) and Fig. 11 (SLS-3PB). The numerical models are
discretized with through-thickness continuum shell elements (SC8R)
and consider only linear-elastic material behavior. Composite layups
are used to define the sections. For the Young’s modulus 𝐸11 and
𝐸22, the average of tension and compression from Table 1 are used.
The welded interface is modeled through the surface based contact
algorithm available in Abaqus, which accounts for the kinematics of
surface contact, cohesive separations and friction [3]. The mesh size
is adjusted to meet the requirements [42] for cohesive zones and is
set to 0.5 mm following the modeling approach defined in [3]. The
mode I initiation strength is set equal to the matrix tensile strength
𝑌𝑇 of 87 MPa and the mode II initiation strength is set equal to the
matrix 5% offset shear strength 𝑆𝐿 of 90 MPa. Energy based linear
softening in combination with the mixed-mode interaction (𝜂 = 2.9)
according to the BK approach is used. A penalty stiffness with a value
of 𝐾 = 200000 N/mm3 is used for the welded interface. On the surfaces
that are not welded, only contact and friction are taken into account.

5. Experimental results and comparison with finite element anal-
ysis

This section describes the experimental test results of the four dif-
ferent test configuration described in Figs. 3 and 4, comparing them to
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experimental results on UD specimens from the autoclave manufactur-
ing process [6] and the finite element analysis. The testing campaign for
the characterization tests consists of two phases. First, the feasibility of
the specimen design is evaluated by comparing the two configurations
(full weld versus weld center) and the best configuration is chosen. In
the second testing phase, the influence of the manufacturing process
conditions is investigated on the selected configuration. As a recall from
Section 3.2, the full weld specimen is a 25 mm wide specimen, but
due to the welding process, the actual width of the welded interface
is between 14 and 18 mm. The typical weld width of the first test
phase was found to be 15 mm after measuring the fracture surface. The
weld center specimens are only 12.7 mm wide, so there is no difference
between the specimen and weld width.

5.1. Welded double cantilever beam tests

5.1.1. Evaluation of the two specimen configurations
Initially three welds were performed, resulting in six DCB specimens

after machining. The results of the tests is shown in Fig. 12. Two
full weld width specimens were performed (Fig. 12a) and their load–
displacement is compared to the FEM using a weld width of 15 mm and
a mode I fracture toughness, 𝐺𝐼𝑐 , of 2.1 kJ/m2. This fracture toughness
value is derived from one of the weld center tests and is used in the
FEM of both configurations to compare their consistency as different
vertical axis scale are used. Both tests experience some unstable crack
growth during propagation, which may be related to fiber bridging of
the 0/0-interface or changes in weld quality.

The experimental results of the full weld specimens are also com-
pared to the autoclave consolidated test results reported in [6]. This
comparison shows that the compliance calibration approach works
well, as the initial compliance is nearly identical each even though a
very different layup (UD vs QI) and initial crack length (𝑎0 = 48 mm
vs 42 mm) is used. Interestingly, the load–displacement of full weld
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Fig. 12. DCB test results for two configurations: (a) full weld specimen; (b) weld center specimen.
Fig. 13. DCB test results, influence welding process: (a) temperature; (b) cooldown.
specimens reach the same load levels as the autoclave consolidated
laminate, while the width of the weld is much lower (approx. 15 mm
compared to 25 mm), and thus the welded fracture toughness is much
higher compared to the 1.12 kJ/m2 of the autoclave process. The
fracture surface of the separated welded laminates also provide insight
into the uniformity of the weld temperature along the 0.5 m. A variation
in the order of 14 to 18 mm is observed, furthermore the higher
temperature at the wider weld width could also be confirmed by the
thermocouple data. Based on these observations it is concluded that the
full weld specimen provides an excellent way to gain insight in the weld
quality and to optimize the tooling, however for the determination of
the weld material properties this would result in unwanted weld width
effects and variation. The design of the weld center specimens prevents
this.

The experimental results of the first four tests of the weld center
specimens is shown in Fig. 12b. Again, comparison is made to the FEM
using a mode I fracture toughness, 𝐺𝐼𝑐 , of 2.1 kJ/m2. The loads are
lower compared to the full weld specimens because of the reduced
width, but they are consistent in terms of fracture toughness. During
testing of the weld center specimens it also became more clear that
fiber bridging plays an important role. During one of the tests the crack
fully arrested, which caused the load to increase, and finally caused
the crack to propagate unstable. For the other tests, distinct variation
in crack growth speed is observed when fiber bridging occurred and
remains of broken fibers were found on the fracture surface.
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5.1.2. Influence of the welding process parameters
The influence of the welding process parameters on the mode I frac-

ture toughness is presented in Fig. 13. Fig. 13a shows the influence of
the four different welding temperatures described in Section 2 in com-
bination with controlled cooldown. The parts of the load–displacement
curves that indicate unstable crack growth, are removed to improve
clarity for comparison. The FEM results from Fig. 12b are also presented
in Fig. 13. Furthermore, comparison is made to the FEM using the
autoclave mode I fracture toughness, 𝐺𝐼𝑐 , of 1.12 kJ/m2. The results
are found to be rather consistent between the different welding temper-
atures, exept for the very low temperature weld which created a kissing
joint with almost no strength. Some of the lower temperature weld
initiated early and represent the lower bound experimental results,
while some of the high temperature welds show signs of fiber bridging
and resin pockets that locally increase the fracture toughness towards
the upper bound.

The influence of the different cooldown methods at standard weld-
ing temperature is shown in Fig. 13b. Again comparison is made against
FEM. The experimental results between stepped and controlled cooling
were found to be similar and are cooldown rates that would fully
crystallize the material according to DSC data presented by Hojjati
et al. [28], however all the free cooling curves tend towards the
upper bound results. One of the possible explanations can be related
to crystallization of the polymer matrix. Free cooldown allows for a
rapid decrease in temperature (beyond data known from [28]), which
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Fig. 14. ENF test results for the two configurations: (a) full weld specimen; (b) weld center specimen.
may not allow the thermoplastic material to fully crystallize and this
increases the ductility and fracture toughness of the material [29].

5.2. Welded end-notched flexure tests

5.2.1. Evaluation of the two specimen configurations
The ENF test results of the two different specimen configurations

are shown in Fig. 14. For the full weld specimens, two different test
setups are used. Two tests are performed by using an initial crack length
𝑎0 = 40 mm and a span of 2𝐿 = 130 mm. Another test is performed at
an initial crack length 𝑎0 = 33.5 mm and a span of 2𝐿 = 115 mm. Both
configurations achieved stable crack growth. For each configuration a
FEM study using a mode II fracture toughness, 𝐺𝐼𝐼𝑐 , of 3.5 kJ/m2 is
performed to investigate the possible influence of the weld width (15
vs 18 mm. The comparison of the test results for the two test setups of
the full weld specimen configuration is shown in Fig. 14a. It is found
that the weld width may highly influence the results, therefore also for
the ENF test, it is chosen to perform further testing on the weld center
specimen configuration.

Five tests were performed on the weld center specimen configura-
tion using a test setup with an initial crack length 𝑎0 = 25 mm and
a span of 2𝐿 = 90 mm. The test results are presented in Fig. 14b.
Two of the tests showed unstable crack growth, which is likely caused
by fiber bridging during the mode I as this made it difficult to create
a pre-crack. The experimental results are compared to FEM using a
mode II fracture toughness, 𝐺𝐼𝐼𝑐 , of 3.5 kJ/m2. FEM prediction were
also made by using the 𝐺𝐼𝐼𝑐 of 2.35 kJ/m2 from the autoclave process.
The main difference between the observed experimental response is
the more gradual nonlinearity, which is related to the development of
the fracture process zone, as also observed during the experiments on
the autoclave consolidated material [6]. The fracture process zone is
also observed visually, which makes it difficult to identify the crack
position. The FEM that uses linear softening seems to be unable to
capture nonlinear effects on the load–displacement curve and it is
expected that the full shape of the cohesive law may need to be used
in the analysis to account for this [6,43].

5.2.2. Influence of the welding process parameters
The influence of the welding process parameters on the mode II

fracture toughness is presented in Fig. 15. The influence of the welding
temperature in combination with controlled cooldown on the ENF weld
center specimens is shown in Fig. 15a. One specimen is removed due
to difficulties with the pre-crack. Again, the very low temperature
weld created a kissing joint with almost no strength as shown by the
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lowest load–displacement curves is Fig. 15a. The other mode II tests
showed similar peak loads except for one of the cold temperature tests,
which initiated near the fracture toughness according to the autoclave
material [6] and can be observed by comparison to the FEM curve
based on the autoclave 𝐺1𝑐 in Fig. 15. Although, some differences
are observed between the tests. In some cases stable crack growth
is achieved near the stability limit, which can be seen as an almost
vertical drop in load, while in other cases crack growth appeared more
gradual. Especially the hot temperature appeared more gradual, which
suggests a stronger R-curve effect.

The experimental results of different cooldown methods at stan-
dard welding temperature are shown in Fig. 15b. Two specimens
are removed due to difficulties with the pre-crack. Compared to the
controlled cooling, both the stepped and free cooling showed a much
larger variation in the load displacement curve. Interestingly, the lower
bound experiment results approach the fracture toughness values from
the autoclave consolidation process of 𝐺𝐼𝐼𝑐 = 2.35 kJ/m2, while the
controlled cooldown results are near the 𝐺𝐼𝐼𝑐 of 3.5 kJ/m2 used in the
FEM.

The exact location of the crack tip is difficult to determine visually,
therefore the crack tip position is also evaluated using DIC. The color
scaling in Fig. 16 represents an equivalent strain value between 0–2.5%
and the distance between the visually determined crack tip and the
load introduction is 20 mm. The DIC results for 9 points along the
load–displacement curve of a standard welding temperature sample are
presented in Fig. 16. The first point in the figure represents the start
of the nonlinearity in the load–displacement curve. During the devel-
opment of this nonlinearity (point 1 to 4) it is difficult to determine
the crack tip visually, but the DIC clearly shows high strains ahead
of the crack tip. It is however still difficult to distinguish between a
highly strained area or the actual crack and sliding of the top and
bottom interfaces. The peak load is reached at point 5, which is the
start of stable crack propagation (point 5 to 8) and causes the load to
drop. After the crack has propagated 20 mm, and it reaches the load-
introduction point (point 9), which arrests the crack, resulting in an
increase in load.

5.3. Welded single lap shear tensile tests

Welded single lap shear tests are performed on a 250 kN Zwick
tensile machine with hydraulic grips. The benefit of this machine is
that gripping can be performed at an offset to prevent secondary
bending. The results of the experiments, including the effect of the
welding process temperature is shown in Fig. 17. Initially, two tests
(standard temperature) are performed using 50 bar of grip pressure.
Some movements in the grips are observed which are also visible in the
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Fig. 15. ENF test results, influence welding process: (a) temperature; (b) cooldown.
Fig. 16. DIC measurement of ENF test: (a) Load–displacement curve with nine measurement points; (b) DIC results of measurements, equivalent strain 0–2.5%.
load–displacement curve as an increase in displacement in the linear
part of the curve for one of the tests. However, the failure load is
nearly identical. All other tests are performed by a gripping pressure
of 100 bar and show consistent results. The cold temperature fail
at approximately 14 kN, while the standard temperature samples fail
slightly above 16 kN and hot specimens reach nearly 18 kN. The FEM
that uses linear softening predicts a failure load of approximately 15 kN
but is unable to predict the nonlinearity and shows some stiffening
instead. The stiffening is likely due to the boundary conditions and is
further evaluated in Section 6.

Interestingly, when observing the fracture surface of the failed spec-
imens, as shown in Fig. 17, several effects become apparent: (1) The
influence of weld temperature seems to highly influence the size/area
of the weld, (2) The light colored area near the edge of the weld (top
and bottom) contain large amounts of resin, (3) The edge of the weld
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shows signs of stable crack growth and/or development of a fracture
process zone, and (4) through the thickness waviness/fiber nesting and
signs of fiber failure is observed for the hot specimens. It is considered
likely that the difference in weld area and influence of waviness/fiber
nesting contributes to the main differences in strength observed in
Fig. 17. This will be further investigated by analysis in Section 6.

The development of the fracture process zone in the SLS test can also
be observed when use is made of DIC techniques. The result of one of
the hot specimens is shown in Fig. 18. The edge of the SLS specimen is
speckled with a fine spray and the equivalent strain is determined from
the measured displacements. The color scale in Fig. 18 is linear from 0
to 2.5% strain and pre-stresses from clamping are included in the DIC
strain analysis. From the experimental load–displacement combined
with the DIC results it becomes apparent that the nonlinearity in load–
displacement is related to the development of the fracture process zone.
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Fig. 17. SLS tensile load–displacement curves: Weld size based on fracture surface for three weld temperatures.
Fig. 18. DIC measurement of SLS test: (a) Load–displacement curve with three measurement points; (b) DIC results of measurements, equivalent strain 0–2.5%.
At the start of the nonlinearity (1) the local strains in the welded
interface gradually develop a fracture process zone (2). When this
fracture process zone becomes large enough, and finally achieves high
strains along the full weld, the peak load is reached (3) and the load
drops, causing the specimen to fail.

5.4. Welded single lap shear 3-point bending tests

Welded single lap shear specimens are tested in 3-point bending
for the three different welding temperatures. The experimental load–
displacement curves are shown in Fig. 19. Similar failure loads of
approximately 1.2 kN are observed between the different specimens, ex-
cept for one of the hot temperature samples that showed excessive fiber
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bridging and failed at approximately 1.4 kN. Fig. 19 also presents the
fracture surface of the different welding temperatures. This comparison
shows a similar trend of the relation between welding temperature and
weld size as the SLS tensile tests in Fig. 17. The main difference is that
in the SLS-3PB test, only one side of the fracture process zone shows
a white marking. This is the side that opens in bending, which may
suggest a more dominant mode I opening of the crack as the fracture
surface of the DCB appears lighter compared to ENF. The different
weld sizes also influence the bending stiffness of the SLS joint due to
the larger joined surface. The FEM that uses linear softening predicts
a failure load of approximately 1.1 kN but is unable to predict the
nonlinearity.
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Fig. 19. SLS-3PB load–displacement curves: Weld size based on fracture surface for three weld temperatures. Dashed line represents crack stop at load-introduction.
Fig. 20. Load–displacement curve and failure process evaluation of SLS test by means of DIC, equivalent strain 0–2.5%.
The failure process of the SLS-3PB test is investigated at five dif-
ferent points along the load–displacement curve by means of DIC. The
results are shown in Fig. 20. At the start of the nonlinearity (1) the
crack opening is at the edge of the weld and gradually develops (2–4)
until the remaining area becomes sufficiently small to cause unstable
crack propagation and failure of the joint (5). It demonstrates that the
nonlinearity in both the SLS tension and 3PB test is related to the
development of the fracture process zone.

Although failure loads were similar, the SLS-3PB test is found to be
rather sensitive to the size and position of the weld. The weld size of 15
to 18 mm allows for only 7.5 to 9 mm of crack growth until the center
roller is reached. If the weld is not perfectly centered, this may become
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even smaller or may force the crack to start from a specific direction.
Compared to the ENF, which showed a much larger fracture process
zone, the available short crack growth length means that the results
are likely influenced by the load-introduction. This effect is observed in
two of the standard temperature welds which are dashed in Fig. 19. The
crack grows up to the load-introduction of the 3PB test and laminate
failure is observed without failure of the full joint.

5.5. Fractographic investigation

The fracture surface of the mode I and II tests is investigated by
means of Scanning Electron Microscopy (SEM). This provides insight
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Fig. 21. SEM micrographs of mode I fiber bridging fracture surface for different
manufacturing processes: (a) Autoclave, 300x; (b) Welding, 250x; (c) Close-up autoclave
versus welding, 1000x.

into the interlaminar damage mechanism so that a comparison can be
made with autoclave consolidated fracture surfaces recently published
by Tijs et al. [6] that were tested in the same loading modes. The main
difference between the autoclave manufacturing process is the pro-
longed constant time and slow cooldown rate. Both the UD autoclave
and welded QI specimens have a 0/0 degree interface angle, which is
the fracture surface presented in this section.

SEM micrographs at different magnifications of fiber bridging dur-
ing mode I are shown in Fig. 21. Pull-out of large fiber bundles on the
fracture surface were observed in the fracture surface of samples from
the autoclave process as shown in Fig. 21a [6]. The same phenomena
is also observed for the welded specimens, as shown in Fig. 21b. At
1000x magnification, as shown in the close-up of Fig. 21c a significant
difference is observed between the fracture surface of the autoclave and
welded fracture surface. The fracture surface of the welding process
shows more extensive polymer drawing out in the plane normal to the
fiber direction and plastic deformation of the polymer. Furthermore,
the fibers show even larger presence of polymer material on the fibers.
This experimental evidence may explain the significant increase in
fracture toughness measured during the welded DCB tests.

The difference between the autoclave and welded fracture surface
in mode I, and the presence of more plastic deformation, can also be
observed in matrix rich locations. This comparison for 1000x magnifi-
cation is shown in Fig. 22a and b, and with 3000x close-up in Fig. 22c.
Similar excessive polymer draw out is observed in the fiber beds. This
plastic deformation of the polymer appears at fine offsets along the fiber
direction for the welding process. The typical circular patterns that may
suggest a relation with the crystallization kinetics of the thermoplastic
polymer matrix [44] as shown in 22c [6] is not observed. This may
suggest that crystallization during welding is different compared to
autoclave consolidation, even though both processes allow for sufficient
time for the fast-crystallizing PEKK polymer to crystallize [28].

SEM micrographs of the fracture surface of the mode II test are
shown in Fig. 23 and are again compared to micrographs from fracture
surfaces of the autoclave process [6]. At 700x and 3000x magnification
the failure mechanisms appear very similar, which feature extensive
plastic deformation in the plane of the delamination, with some signs
of broken fibers. This comparison is shown in 23a and b. Furthermore,
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Fig. 22. SEM micrographs of mode I fracture surface of matrix for different manu-
facturing processes: (a) Autoclave, 1000x; (b) Welding, 1000x; (c) Close-up autoclave
versus welding, 3000x.

Fig. 23. SEM micrographs of mode II fracture surface for different manufacturing
processes: (a) Autoclave, 700x; (b) Welding, 700x; (c) Close-up autoclave versus
welding, 3000x.

some regions show resin rich areas with plastic deformation as shown
in the close-up of Fig. 23c, while other areas lack the presence of large
amount of resin.

6. Analysis and discussion

Some of the effects observed in the experimental results, such as the
nonlinearity in the load–displacement curves, the development of the
fracture process zones and the influence of the weld size on the failure
loads are discussed in this section. First the mode I (DCB) and mode II
(ENF) characterization data is evaluated and this is then used to study
the SLS joint during tensile and 3PB loading in the numerical analysis.
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Fig. 24. Analysis of standard temperature weld DCB test: (a) Load–displacement curves with crack growth propagation (PROP) points and comparison with FEM; (b) R-curve with
selected mode I fracture toughness.
For each test, comparison is made to the ’default FEM’ results presented
in Section 5.

6.1. Welded double cantilever beam analysis

The load–displacement curve of one of the standard temperature
welded DCB specimens is shown in Fig. 24a and the data reduction
methodology described in Section 4.1 is used to determine the mode
I fracture toughness. The mode I fracture toughness for each crack
length is shown in the R-curve in Fig. 24b. The R-curve shows a
small increase in fracture energy at the start and reaches a plateau of
approximately 1.95 kJ/m2 shortly after, as identified with the dotted
ine in Fig. 24b. Compared to Figs. 12 and 13, this is towards the lower
ound experimental results. However, for the numerical analysis it is
hosen to be consistent, so all results are evaluated using the standard
elding temperature results. Therefore, a 𝐺𝐼𝑐 = 1.95 kJ/m2 is selected

for the following analyses and the mode I strength is set to 87 MPa
as discussed in [6]. Due to the variation observed in the experimental
results in Fig. 13 the shape of the cohesive law is assumed to have a
general exponential form and reaches fully damaged state at 0.15 mm
opening displacement. Verification of the cohesive law is shown in
Fig. 24a by comparing the experimental load–displacement curve to the
FEM.

6.2. Welded end-notched flexure analysis

In the comparison of the FEM analysis with the experimental ENF
test results presented in Figs. 14 and 15 it is found that the default
FEM analysis has difficulties in predicting the nonlinearity in the load–
displacement curve. The FEM also predicts unstable crack propagation
while the experiments show stable crack propagation. The analysis
results are compared to a load–displacement curve of one ENF test in
Fig. 25a. By making use of the numerical methodology described by
Tijs et al. [6], which allows for taking into account the shape of the
Cohesive Law (CL), it can be demonstrated that a different shape of
the CL is likely responsible for the different behavior. Fig. 25b shows
a comparison between the default linear softening and four different
shapes of cohesive laws. During this comparison it is found that the
mode II fracture toughness, 𝐺𝐼𝐼𝑐 , had to be increased from 3.5 kJ/m2

to 3.7 kJ/m2. The difference between the four cohesive laws in Fig. 25b
is as follows: CL-1 and CL-2 are nearly identical except for the initiation
strength. The choice of the cohesive initiation properties and mesh size
are as defined in [6]. Since the mesh size is sufficiently small [42], this
has no significant influence on the load–displacement curve. CL-3 and
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CL-4 dissipate more energy at the start of the cohesive law and cause
the failure load to increase and reduce the nonlinearity. Therefore it is
found that the tail of the cohesive law is responsible for most of the
nonlinear behavior.

6.3. Welded single lap shear tensile analysis

The numerical evaluation of the welded SLS tensile test considers
two analyses: (1) The influence of the weld width on the failure loading,
using the default FEM; (2) The influence of the cohesive law on the
nonlinearity of the load–displacement curve. The difference between
the FEM result presented in Fig. 17 is the gripping length, which gives
a stiffening effect in the load–displacement curve when applied at the
full length of the specimen. On the imprints of the hydraulic grips it
is found that the grips provide clamping over the first 30 mm of the
specimen and that the grip center is near the end of the specimen.
In the FEM model this is simplified to be fully constrained at 30 mm.
The influence of the weld width on the failure load is studied between
10 mm and 20 mm and the results are presented in Fig. 26a. It is found
that the predictions are approximately 1 kN lower compared to the
results presented in Fig. 17, but the influence of the weld width is well
predicted.

The influence of the cohesive law on the nonlinearity of the load–
displacement curve is shown in Fig. 26b and is compared at four
different points along the load–displacement curve. The size of the frac-
ture process zone is identified with the cohesive damage field output
variable, where red represents a fully damaged interface. The use of
the cohesive law promotes the development of the fracture process zone
and initiates the nonlinearity early at approximately half-way (2) of the
load–displacement curve. Compared to the default FEM, the fracture
process zone becomes significantly larger (3–4) resulting in a nonlin-
earity in the load–displacement curve and a reduced failure load. It is
observed that this does not significantly increase the total displacement
as found in the experimental results. It cannot be predicted by the
current simplified approach, which collapses all dissipating fracture
mechanisms into the cohesive surface and does not account for the
nonlinearity due to plasticity in both the interface and its surrounding.
The fact that plasticity plays an important role is already confirmed in
the SEM micrographs.

6.4. Welded single lap shear 3-point bending analysis

The results of the numerical analysis of the SLS-3PB test is pre-

sented in Fig. 27. Similar as for tensile loading, both the influence of
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Fig. 25. Influence cohesive law on the load–displacement curve of the ENF test: (a) FEM load–displacement curves; (b) Cohesive laws.
Fig. 26. Numerical analysis of the SLS tensile test: (a) Influence of weld width on failure load; (b) Influence of cohesive law on load–displacement nonlinearity (cohesive damage
field output).
weld width and cohesive law are investigated. The influence of the
weld width on the failure load is shown in Fig. 27a. Six analyses are
performed covering 10 to 20 mm of weld width. It is shown that the
weld width influences both the failure load and the bending stiffness
of the specimen. Also, the shorter weld width allows for little crack
propagation before reaching the load-introduction point, which arrests
the crack in the numerical analysis. This effect is also observed in
some of the experimental results presented in Fig. 19. Furthermore, the
numerical analysis shows that crack propagation is close to the stability
16
limit, which may explain why some joints fail and others arrest in the
experimental results.

The influence of the cohesive law on the nonlinearity of the load–
displacement curve at three points is shown in Fig. 27b. The size of
the fracture process zone is identified with the cohesive damage field
output variable, where red represents a fully damaged interface. It
is shown that the cohesive law has a pronounced influence on the
nonlinearity of the load–displacement curve. This results in a more
gradual drop in the maximum load before reaching arrest due to the



Composite Structures 348 (2024) 118505B.H.A.H. Tijs et al.
Fig. 27. Numerical analysis of the SLS-3PB test: (a) Influence of weld width on failure load; (b) Influence of cohesive law on load–displacement nonlinearity (cohesive damage
field output).
load-introduction point. Considering these effects it is expected that the
SLS-3PB test is rather sensitive to the weld size, to the position of the
weld within the overlap and asymmetry due to the positioning of the
specimen. It is also expected that the load-introduction influences the
failure process as for the ENF test. Similarly, as observed during the
SLS tensile test analysis, the size of the fracture process zone in the
numerical analysis appears to be larger compared to the experimental
results. This may suggest that more fidelity is required, for example
modeling multiple layers or including a finite thickness interface. Fur-
thermore, including effects such as plasticity as one of the dissipating
failure mechanisms may be required.

7. Conclusions

Thermoplastic composite conduction welded joints are successfully
characterized, tested and analyzed, while accounting for the influence
of the manufacturing process. Welding recipes are designed to weld
AS4D/PEKK-FC thermoplastic composites specimens using four differ-
ent temperatures and three different cooldown methods on a half a
meter long welding tool. The weldability of the specimens is ensured
by making use of a quasi-isotropic layup. The laminates are welded
with a 0-degree interface angle so that there are no secondary failure
modes and crack propagation is only at the welded interface. Double
Cantilever Beam and End-Notched Flexure specimens are successfully
designed from the welded laminates to characterize the fracture tough-
ness of the joint in both mode I and II loading condition. A compliance
calibration strategy is used to test and easily compare the different
configurations. During testing it was found that specimens cut from
the center of the weld provided the most reliable results, as there
is no influence of variation in weld width. Besides, the measured
fracture toughness of the welded joint is significantly higher compared
to autoclave consolidated thermoplastic material. A small effect on the
fracture toughness is observed due to welding process conditions if
17
the typical process window is respected. Similar to autoclave consol-
idated specimens, effects of fiber bridging on the fracture toughness
are identified. Micrographs of the fracture surface revealed that the
increase in fracture toughness may be explained by the difference
in failure mechanisms and more excessive plastic deformation of the
thermoplastic polymer matrix.

The welded joints were also tested in tension and in three-point-
bending by making use of single lap-shear specimens. The influence
of the manufacturing process showed a more pronounced effect on the
strength of the welded joint during these tests. The experiments showed
that the weld temperature highly influences the weld size, which can
be directly related to a change in strength. For hot welding tempera-
ture, the influence of fiber bridging and nesting further increased the
strength. Furthermore, DIC measurements during the SLS test revealed
the gradual development of a fracture process zone, similar to the mode
II characterization test, that can be related to the nonlinearity in the
load–displacement curve in both the tensile and bending SLS test. It
also appeared that testing in three-point-bending introduces difficulties
related to the small weld width compared to the available crack growth
length. This led to crack arrest in some samples, with laminate failure
as a result.

The analysis showed that the numerical methods predicted unstable
crack propagation in mode II, while the experiments showed nonlin-
ear behavior and a more gradual fracture process. It was found that
the shape of the cohesive law is responsible for this effect in the
numerical analysis. The measured fracture toughness is used in the
numerical analysis to also predict the strength of the SLS joints in
tensile and three-point-bending loading. Use of the FEM with linear
softening showed that the effects of weld size on the joint strength
can be predicted, but in a conservative manner. By accounting for
the shape of the mode II cohesive law the nonlinearity of the load–
displacement curve can be predicted, and the limitation of the cohesive
zone approach, which collapses all dissipating fracture mechanisms to
a single interface, may be responsible for the difference between the
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numerical and experimental fracture process zone, size as plasticity in
the surrounding material is not accounted for.

Summarizing, new insights in the relation between the manufactur-
ing process, the quality of the weld and the mechanical properties of
the welded joints are provided, together with useful tools to support
the design and analysis of thermoplastic conduction welded joints.
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