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ABSTRACT

Further deployment of advanced polymer-based composites in critical structures requires,
among others, new progress in adhesive bonding solutions from processing to performance.
Among others, the cost and time intensity of manufacturing can be mitigated through co-curing
of composite elements using a thermoplastic film, typically a Polyetherimide (PEI) film.
However, the use of PEI films in resin transfer moulding leads to low toughness (<500 J/m?2).
The objective of this work is to improve the toughness of co-cured composite joints by inserting
UHMPE filaments between a PEI film and the composite panels in order to trigger crack
bridging and a significant R-effect. The influence of the spacing and of the tensile strength of
the filaments has been determined experimentally, resulting in an increase of the toughness by
up to a factor 3. In addition, the influence of these parameters has been further investigated with
a closed-form crack propagation model. Decreasing the spacing and increasing the strength of
the filaments enhances the joint toughness. Increasing the tensile elongation of the filaments
results in a less steep R-effect, requiring a longer crack propagation to attain of the maximum
fracture toughness.
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1. Introduction

Carbon fibre reinforced polymer composites (CFRPs) are widely used in advanced structural
composites such as in airplanes, wind turbine blades or marine structures, owing to high
strength and stiffness to weight ratios. Manufacturing these structures often requires the joining
of CFRP-based elements. Mechanical fastening is one option but drilling holes in the adherents
lowers the structural integrity due to stress concentrations (Pocius, 2012). Adhesive bonding
offers more homogeneous stress transfer and lightweight. However, adhesives often suffer from
limited mode I toughness G, as well as cost and time intensive bonding process (Pocius, 2012),
preventing a generalized use of this joining technique.

Co-curing is an alternative to secondary adhesive bonding, involving lower
manufacturing intensity. Co-curing consists in the simultaneous curing and bonding of the
composite parts. In secondary bonding, the adherents are first cured apart, and the surfaces are
treated before the CFRPs adherents can be bonded together. Co-curing is only possible when
no resin has to be injected during the process otherwise the adhesive would flow out of the
bondline region. Hence, co-curing is possible using pre-pregs, but not with a resin transfer
moulding process (RTM). Co-cured composite joints are known to be characterized by a lower
mode I fracture toughness compared to secondary bonded joints due to the generation of defects
at the adhesive/composite interface (Anders et al., 2019, 2017; Kermani et al., 2020). Now, on
the opposite side, co-curing results in better geometrical accuracy (Kim et al., 2010) of the
components and are less affected by hygrothermal ageing (Brito et al., 2020).

In order to improve the G,. of co-cured composite joints, Quan and co-workers (Quan
et al., 2023, 2022) suggested replacing the adhesive by a thermoplastic film compatible with
the composite resin (Deng et al., 2015). This led Quan and co-workers to insert polyetherimide
(PEI) and UV-treated polyetheretherketone (PEEK) films between pre-pregs made of the 8552

epoxy resin. Regarding PEI co-cured joints, at room temperature, an enhanced mode |
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toughness was reported compared to the composite toughness during delamination, but lower
than the G, of the co-cured adhesive joint. However, the PEI film results in higher mode II
fracture toughness (G;;.) and lap-shear strength compared to composite delamination with an
adhesive-based co-cured joint. In addition, increasing the PEI film thickness improves both the
mode | and mode Il fracture toughness as well as the lap-shear strength with an optimum
thickness around 200 pm. The good adherence between the composites and the PEI results from
the interdiffusion of PEI and epoxy during curing. Other candidates for co-curing include,
among others, phenoxy (Van Velthem et al., 2015), polyethersulfone (PES) (Cheng et al., 2019;
Van Velthem et al., 2015) and polysulfone (PSU) (Min and Kim, 1999). Recently, we co-cured
composite joints using PEI films of varying thicknesses (as reported in Supplementary Material
1). However, these co-cured joints also suffer from low mode | fracture toughness when
compared to the composite delamination toughness, requiring the exploration of effective
toughening strategies.

Several toughening strategies have been investigated in the literature for adhesive joints.
The first consists in enhancing the plastic energy dissipation in the joint by increasing the
adhesive thickness (Bascom et al., 1975; Kinloch and Shaw, 1981; Martiny et al., 2012; Pardoen
et al., 2005). Plastic energy dissipation can also be favoured by inserting a softer layer close to
the crack propagation plane in the assembly (Dépinoy et al., 2019). Crack deflection by
architecturing the adherents has been proven effective to raise the mode | fracture toughness
through forcing local mode-mixity at the crack tip (Cordisco et al., 2016; Maloney and Fleck,
2018; Reedy, 2008; Zavattieri et al., 2007). A crack can also be deflected from the propagation
plane by adding stiff particles or cavities. If a cavity is added, it can trap the crack and if large
enough, it blunts the crack, delaying its reinitiation and increasing the effective G,. (Heide-
Jorgensen and Budzik, 2018; Maloney and Fleck, 2019). It has even been suggested to create

arrays of cavities referred as pillar interfaces (Heide-Jgrgensen et al., 2020). Following this
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idea, more generally, the bondline can be structured using metamaterials concepts
(Athanasiadis et al., 2021; Hedvard et al., 2024) to trigger complex failure modes. Elastic
heterogeneities (Kendall, 1975; Xia et al., 2013) are also known to influence the effective G,
and can be achieved by architecturing the adherents (Morano et al., 2020). Finally, a mechanism
that has proven very efficient is crack bridging.

Bridging takes place in composites owing to fibres attached to both crack faces behind
the crack tip. It can also be triggered by adding Z-pins (Cartié et al., 2006; Hoffmann and Scharr,
2018), by inserting a carrier in the adhesive (Heide-Jgrgensen et al., 2018; Maloney and Fleck,
2019; Yudhanto et al., 2020) or by changing the local adherence at both interfaces (Maloney
and Fleck, 2019; Tao et al., 2022). In composite parts, thermoplastic veils! (Kuwata and Hogg,
2011; Quan et al., 2020) are also often introduced at interplies to trigger bridging and to improve
the delamination toughness. The areal weight of such veils is known to have an influence on
G, with an existing optimum areal weight above which G, decreases. The resulting toughness
varies depending on the thermoplastic from which the veil is made and on the architecture of
the carbon fibre fabrics (e.g. unidirectional UD, H5-satin or non-crimp fibre NCF). For
example, Quan et al. (Quan et al., 2020) reported a larger toughening effect of UD composites
compared to NCF and H5-satin laminates. Bridging is the toughening principle addressed in
the present study.

Several models have been developed to predict the mechanical response of structures
involving fibre bridging (Accornero et al., 2022; Carpinteri, 1984; Cox and Marshall, 1994,
1991; Li et al., 2021; Sgrensen and Jacobsen, 1998; Spearing and Evans, 1992). In the context
of finite element analysis, cohesive zone models are often used with multilinear traction-

separation laws (Khan, 2019). Analytical or closed-form models have also been proposed such

! Thermoplastic veils are films made of thermoplastic fibres, often non-woven fibres and are generally used to
toughen composites in the interlaminar region.
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as the one developed by Cox and Marshall (Cox and Marshall, 1994, 1991) or by Sgrensen and
Jacobsen (Sgrensen and Jacobsen, 1998) who considered the continuous effect of bridging and
non-discrete bridging events opposite to Spearing and Evans (Spearing and Evans, 1992),
Szekrényes and Uj (Szekrényes and Uj, 2005) and Li et al. (Li et al., 2021). In these models, a
bridging law relating the bridging stress to the opening displacement is required. The bridging
law shape depends on the nature of the bridging mechanism and on the material of the bridging
filaments. For instance, if pull-out takes place, the magnitude of the bridging stresses decreases
with increasing opening displacement. One of the main issues in modelling bridging is the
occurrence of snap-back instability upon failure of a filament resulting in a sudden decrease of
the applied displacement and of the force as the energy released by the advancing crack exceeds
the energy dissipated to form the new fracture surfaces (Li et al., 2021). Sequence linear
analysis (Invernizzi et al., 2011) and crack length control schemes (Carpinteri and Accornero,
2018) are more adequate than a classical Newton-Raphson scheme to solve this category of
mathematical problem.

The present work aims at toughening co-cured PEI composite joints. PEI is selected for co-
curing because interdiffusion is observed in PEI-epoxy systems as reported in Supplementary
Material 1 and by Voleppe et al. (Voleppe et al., 2021) and Farooq et al. (Farooq et al., 2023,
2021, 2020). Toughening is induced by triggering crack bridging by inserting polyethylene
filaments perpendicular to the crack propagation direction. The influence of the bridging
filament strength and spacing is investigated experimentally and modelled analytically using a
discrete model considering each bridging event individually. Increasing the spacing between
the filaments? and the tensile strength of the filaments results in a significant improvement of

the fracture toughness. The tensile elongation of the bridging filaments has not been tested

2 The words « cords » and « threads » are also used in what follows as synonym of filament. The so called
filaments are made of elementary wires braided together.
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experimentally but addressed based on the analytical model. Guidelines are given for the

optimization of joints toughened through the addition of bridging filaments.

2. Materials and methods

2.1.Materials

The composite adherents are made of the Hexflow RTM6 epoxy resin (Hexcel, 2018) and
HexForce G0926 H5-satin carbon fibres fabrics. The two composite adherents are co-cured and
assembled in a RTM press. Between the two composite parts, a thermoplastic film with
thermoplastic filaments are inserted (se Section 2.2). The thermoplastic film consists of 50 um
thick PEI film (Ultem 1000, Sabic, sold by GoodFellow, see Supplementary Material 1 for the
choice of the thickness) and is degreased using acetone prior to co-curing. The filaments are
made of ultra-high-molecular-weight polyethylene (UHMPE) from the brand Caperlan from
Decathlon store are inserted between the carbon fabrics and the PEI film. These fishing lines
are filaments made of several elemental strands braided together. Different diameters and
ultimate tensile force (UTF) of filaments were tested, listed in Table 1. The adherence of these
filaments to either RTMG6 or PEI has not been characterized but a weak adhesion with PEI is
expected while a good adhesion with RTM6 is anticipated owing the infiltration of the filaments

by the resin. This will be discussed further when looking at the results in Section 3.
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Table 1: Properties of the UHMPE filaments under the form fishing lines used to investigate
the effect of filament UTF and spacing.

Diameter of the
Fishing line Description Ultimate tensile | line (diameter of | Investigated
force [N] one filament) | spacing [mm]
[mm]

Caperlan TX4 | 4 filaments | 38 N (3.9 kg®) 0.25 (0.06) 1,2,5,7,10
60um braid
Caperlan TX8 | 8 filaments | 56 N (5.7 kg) 0.19 (0.06) 1,2
60um braid
Caperlan TX8 | 8 filaments | 81 N (8.3 kg) 0.25(0.1) 1,2
100um braid
Caperlan TX8 | 8 filaments | 167 N (17.2 kg) | 0.35(0.2) 1,2
200um braid

2.2. Joints manufacturing
Prior to joint manufacturing, the UHMPE filaments are manually positioned with fixed spacing
on both sides of the PEI film. Different procedures are followed to insert the filaments. For the
joints made of the Caperlan TX4 60um lines, the PEI film is first stacked on the top of a paper
sheet with graduation as shown in Figure 1a. Afterwards, each filament is positioned at a time
and taped at its edges on the PEI film as shown in Figure 1a. This process is repeated on the
other side of the PEI film. As an alternative, shown in Figure 1b, a board has been designed
with spikes regularly spaced. The filaments are wrapped around the nails, as shown in Figure
1b, to impose a constant and controlled spacing. Once inserted, the filaments are taped along
the edge of the PEI film before cutting the filament sections surrounding the nails. This prevents
cutting each filament deposited at a time. The process is repeated on both sides of the PEI film,
see Figure 1c.

The joints are manufactured by resin transfer moulding in the following sequence. The
first five G0926 carbon plies are first laid down in the RTM mould, parallel to one another. The

PEI film with the cords on both sides is introduced following the procedure described in the

3 Data in kg are the supplier data.



previous paragraph. Two 70 mm long, 30um thick Kapton films (Dupont) are stacked on top
of PEI to act as pre-crack for the fracture tests. The five last plies are then deposited. The RTM
mould is closed under a pressure of 8 bars. The RTMBG6 resin is heated inside a piston up to 90°C
before being injected at the same temperature in the mould until reaching a pressure of 6 bars.
The composite is cured following the optimized cycle for PEI-RTM®6 interphase developed by
Voleppe et al. (Voleppe et al., 2021). The temperature is increased at a rate of 2°C/min up to
160°C for 90 min. Finally, the temperature is increased up to 180°C at a rate of 2°C/min and
the temperature is maintained constant for two hours. Double cantilever beam (DCB) samples

are machined in the panels as shown in Figure 2a.
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Figure 1: Two methods to insert the filaments: a) filament deposition based on a sheet with
graduation and b) filament deposition using a board with spikes spaced by a given A. c¢) Final
results from the PEI film edge with filaments on both sides of the PEI.
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2.3.Mechanical testing

DCB specimens, shown in Figure 2a-b, are machined from the cured panels with a length of
200 mm and a width of 20 mm in such a way that UHMPE filaments are aligned perpendicular
to the crack propagation direction (Figure 2c¢). The 70 mm long Kapton film inserted to create
the pre-crack (distance between crack-tip and loading point) corresponds to an initial crack
length of 50 mm. The total height of the samples is about 4 mm. The DCB tests are performed
following the ISO 25217 standard (1ISO, 2014) on a Zwick/Roell machine equipped with a 50
kN loadcell, at constant crosshead speed of 1 mm/min. The machine is located in a ventilated
room under constant temperature of 23°C and 50% relative humidity content, respectively.
Prior to testing, the edges of the samples are graduated to measure the crack length by taking
pictures every 3 seconds with a Canon EOS1400D camera. The mode | toughness G, is then
computed following the single beam theory (ISO, 2014). Four replicate samples are tested for

each condition, except for a spacing of 7 mm for which only one sample is available.

a b
200 mm

< _ —_—
e *

4 mm
«—r—>
20 mm ay,=50 mm

S mm

Y Y U WY U UHMPE
filament
\PEI

a
«

Interphase

Figure 2: a-b) DCB sample and dimensions from a) the top and b) the side. ¢) Optical
micrograph of the bondline with UHMPE filaments spaced by 1 mm. d) Schematic view of the
DCB sample with UHMPE cords.

10
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2.4.Microscopy

A Ultra 55 Field-Emission scanning electron microscope (FEG-SEM) (Zeiss, Germany) under
5 keV and an optical microscopy with a VHX microscope from Keyence are used to perform
the fractography analyses. This requires cutting the joints along the crack propagation direction

and polishing the cross-section prior to characterization.

3. Analytical model
3.1.Governing equations
An analytical model with a discrete bridging law, similar to the one of Li et al. (Li et al., 2021),
has been worked out in order to analyse the effect of filament bridging on the joint toughness.
The model parameters consist of the joint toughness in the absence of bridging filaments G,,
the filament spacing 4, the Young’s modulus ET, UTF F” and radius r of the filaments. The
material properties and dimensions of the composite adherents enters the problem. The DCB
has a width B, arm thickness h and is made of a material with Young’s modulus E. The crack
has a current length a. More precisely, n filaments are positioned with spacing A, hence located
at positions L; (i=1, 2, ... n) as shown in Figure 3. The deflection at position L; is given by
Wi(Li)=P_L?_ZLE<L_?_L]._L%>+CiLi+Di’ (D

6El LuEI\6 2
j=1

where P is the applied force, F; is the force carried by the bridging filament at position L; while
C; and D; are two constants (see Supplementary Material 2). If i is set to 0, one gets the
deflection at the loading point. Solving these equations requires the derivation of a bridging law
relating the force applied to the bridging filament located at L; to the beam deflection at that
same position, as worked out in Section 3.2. In addition to these equations, a crack propagation
criterion is required. The crack propagates when the crack tip driving force G,;, is equal to the

toughness of the joint in the absence of bridging filament G,:

11
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Figure 3: Double cantilever beam configuration with a width B, a height 2h. A crack of length
a is bridged by n filaments in its wake, located at the positions L;.

The unknowns of the problem are thus the deflections at the bridging filament positions,
w; (i = 1,2,...n) and the macroscopic force P while the inputs are B, h, E, a, G, and the
bridging law. The (n+1) equations correspond to the n equations coming from Eg. (1) and one
last equation coming from Eq. (2). A Newton-Raphson method is used with as guess for the k™

iteration X;, = (Wyy, Woy, -... Wy, P) and the function to solve is

Wik —wi(Ly)
Woik —wa(L2)
H(X,) = : —0. (3)
Wkn - Wn(Ln)
Gtip - GO

Solving this system determines the load P leading to crack propagation (G.;, = G,) and the

deflections at each bridging ligament. This is repeated for each crack length a in order to predict
the corresponding macroscopic load P(a) and overall toughness G/°¢(a). The numerical

algorithm is explained in Supplementary Material 2.

12
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3.2.Bridging law

The bridging law relates the force F; applied to the filament at position L; to the deflection at
the position of the bridging filament w;(L;). The distance between the two DCB arms at the
position L; is equal to 2w;. Hence, the bridging law writes F (2w;). Although the bridging law
influences the initial shape of the R-curve, Spearing and Evans (Spearing and Evans, 1992)
showed for two different laws, characterized by the same fracture energy (surface area under
the curve), the steady-state toughness G was similar. The difficulty in the present problem is
that there are several possible mechanisms and configurations associated to filament bridging.
The filaments are initially in a horizontal position and then get displaced, bent and stretched
vertically with a geometry that depends on how the filament remains attached to each side of
the joint. Hence, four different laws shown in Figure 4 have been addressed each of them being
selected as partly representative of the phenomenology of the bridging configuration observed
experimentally (see results later). Law #1 considers that the filaments behave as springs while
Law #2 assumes that the filament must first be unfolded before being loaded in tension. Law
#3 considers that the filament is attached at the edges at opposite interfaces while law #4
considers a filament attached to the bottom interface, but debonded over a distance d and which

is bonded to the opposite interface at the middle of the debonded length. The two last laws

strongly depend upon the filaments Young’s modulus E/ and radius r. In all cases, the cords

break when the force exerted along the loading axis is equal to the UTF F’. More details are
given in Supplementary Material 2, including an analysis of the impact of the bending versus
stretching of the filaments. An influence of the bridging law is found on the results. However,
as long as the surface area under the bridging law is constant, a similar toughness is reached
and if it is increased, G, increases. However, depending on the law, the tensile elongation of

the cords differs.

13
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Figure 4: Bridging laws: a) law #1 the filament behaves as a spring, b) law #2 the filament
first unfolds before being loaded under tension, ¢) law #3 the filament is bonded at the edges
of the DCB, d) law #4 decohesion takes place over a short distance d while the debonded part

adheres to the opposite interface

4. Results

4.1. Influence of the filament spacing on cracking resistance

Figure 5 shows the experimental R-curves extracted from the DCB tests performed on co-cured
joints with a 50 um thick PEI film and threads involving different A spacing. No matter the
spacing, the toughness first increases over a crack propagation distance noted Aa®S, defined in
Figure 5b, that varies with A before reaching a plateau corresponding to the steady-state regime.
For a filament spacing of 1 mm, Fig. 5a shows that the steady-state toughness is equal to 760 +
102 J/m? and the R-effect takes place over a crack length advance Aa** = 15 mm. If the spacing
is increased up to 2 mm, the steady state G;° is about 720 + 89 J/m? and is reached after a

crack propagation length about 20 mm. For spacings equal to 5, 7 and 10 mm, the steady-state

14



1 regime is reached after 40 mm of crack propagation and the steady-state toughness is equal to
2 430+ 66, 615 + 34, 560 + 99 for each spacing, respectively. One can also define G/ for
3 Aa — 0 by linearly extrapolating the results as shown in Fig. 5b. The plain joint toughness
4 G, (without bridging filaments) is equal to 285 + 89 J/m?, see Supplementary Material 1. The
5  results expressed in terms of normalized quantities G /G, and G35 /G, to reveal the degree

6  of toughening are gathered in Figure 5c. Bridging by UHMPE filaments leads to a maximum

7 G;P /G, ratio of about 2.7. The toughening effect decreases as the spacing increases.
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8 Figure 5: a) R-curves for PEI co-cured composite joints with UHMPE filaments
9 perpendicular to the crack propagation direction spaced by a distance A equal to 1 (blue), 2

10 (red), 5 (purple), 7 (black) and 10 (green) mm. b) Scheme of R-curve defining G G5S and
11 Aa’s. c) Evolution of steady-state G;* and initiation toughness G/t with spacing.

12

13 4.2.Influence of filament UTF on cracking resistance

14

15  Figure 6 presents the R-curves corresponding to the cracking of PEI co-cured composite joints

16  in which cords with different UTFs are inserted. Figure 6a corresponds to joints in which the

15
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filaments are spaced by 1 mm while in Figure 6b, they are spaced by 2 mm. For joints containing
threads spaced by 1 mm and characterized by a UTF of 56, 81 and 167 N, the steady-state
toughness G;s is equal to 560 + 141j/m? 500+ 135]/m* and 930 + 237 J/m?,
respectively. The best toughening effect attained in this work is thus G;? /G,=3.3 for the 17.2
kg filaments spaced by 1 mm. If the spacing is increased up to 2 mm, 56 N filaments result in
a toughness equal to 540 + 95 J/m?, the 81 N to a G;~ equal to 430 + 83 J/m? and the 167 N
to a toughness equal to 495 + 187 J/m?. This is summarized in Figure 6¢. In the case of the
167 N filaments spaced by 2 mm, a first peak is reached for a crack propagation length of 20
mm with an associated toughness of about 690 J/m? before a sudden decrease. For the joints
made with 1 mm spaced filaments, the toughness tends to increase with the UTF of the cords.
When the filaments are spaced by 2 mm, G; is almost independent of the thread UTF although
a slight increase is observed at the beginning of the R-curve with increasing UTF. To conclude,
increasing the filament UTF is beneficial to the joint toughness. In addition, the UTF does not
influence the distance over which the R-effect is taking place and ranges from 10 to 20 mm in

all cases.

16
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Figure 6: R-curves for PEI co-cured joints containing UHMPE cords of varying UTF: 56 N
(blue), 81 N (red) and 167 N (black) spaced by a) Imm and b) 2 mm. c¢) Evolution of G} /G,
with the filament UTF.

4.3.Fractography

Figure 7 shows the fracture surfaces of specimens with filaments spaced by 1 mm giving
interesting indications on the failure mechanisms (results are similar for 2 mm spacing). Figure
7a schematizes the decohesion process of the filaments which might be due to crack propagation
between the filament and the composite (Figure 7b) or between the filament and the PEI film
(Figure 7c¢) sometimes takes place. In addition, the crack can propagate along the composite
outside of the morphological gradient that forms upon co-curing as revealed by fibre imprints
observed in the micrograph of Figure 7b. As for joints without bridging filaments, the crack

propagates through the tough PEI film (see Supplementary Material 1 and Figure 7b). In
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addition, fibre bridging takes place as shown in Figure 7d, originating from a change in crack
propagation plane. At a given crack length, along the DCB width, the crack propagates above
and below a given cord as shown in Figure 7e and upon loading, the filament breaks as observed
on the fracture surfaces in Figure 7f and g. In addition, inserting UHMPE cords results in a
wavy PEI film and the presence of the threads induces some degree of crack deflection. Both,
crack deflection and bridging induce toughening, but the major contribution most probably
arises from crack bridging by the filaments as further justified with the model in Section 5.
Figure 7h schematically represents a cross-section of a joint containing cords spaced by at least
5 mm, showing that the PEI film is less wavy. Close to the filaments, mechanisms similar to
those shown in Figure 7a are found while between two consecutive threads, the fibres are close
to the PEI film and lay thus in the morphological gradient. In these regions, failure mechanisms
similar to the one found in joints without bridging filaments are reported in Supplementary
Material 1, involving delamination in the PEI-rich zone, propagation along the PEI-rich/epoxy-

rich interphase in resin pockets and propagation through the PEI film.
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Figure 7: Failure mechanisms in PEI co-cured joints with cords spaced by 1 or 2 mm: a)
schematic representation with decohesion of the filament along b) the composite fibres or c)
the PEI film with crack propagation through the PEI film. d) DCB picture taking during a test
with bridging by the filaments due to €) a crack propagation at both sides of a thread that f-g)
breaks upon loading (f optical micrograph and g SEM micrograph). h) Schematic
representation along the DCB length for a joint containing cords spaced by 5 mm.
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Figure 8 schematizes the bridging mechanism. As shown in Figure 8b, at a given
position along the x direction, the crack propagates either between the filament and the PEI film
or between the filament and the composite. The crack path thus varies along the z (width)
direction. As shown in Figure 8c-d, this results in the development of bridging filaments. The
crack path sometimes changes along the joint width, resulting in many bridging filaments, as
shown in Figure 8e, which break upon deformation (Figure 8f), resulting in fracture surfaces
with small filament parts as shown in Figure 8 and Figures Figure 7f and Figure 9.

Fractography analyses indicate that the filaments are broken and do not peel from the
composite or PEI film surface or are not pulled out of the composite. Regarding the interface
between the RTM6 and the UHMPE filament, optical micrographs of unbroken joints do not
reveal the formation of any morphological gradient close to the UHMPE filaments. However,
the UHMPE filaments correspond to braids in between which the resin can penetrate. Hence,
the filament-epoxy interface is quite rough resulting in mechanical interlocking. Regarding the
PEI-filament interface, the two materials can hardly interact with each other during curing.
However, they are both surrounded by the epoxy resin. Hence, the filaments are embedded in
the morphological gradient formed between PEI and RTM6. It is not possible to predict the
strength of such interface. Due to the absence of peeling from the composite surface, it is
believed that the PEI-filament and RTM6-filament interfaces are strong enough to cause the

failure of bridging ligaments under tensile loading.

20



[ER

OO NOULL B WN
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Figure 8 a) Schematic of a joint made of a thermoplastic layer and UHMPE filaments. b-g)
Schematic representation of the bridging phenomenon with b) a crack propagating above and
under the UHMPE filament for a given x = L; position resulting in the configuration shown
in c) for a view from the open y-z side and d) for a 3D view upon loading. e-f) Generalization
to actual joints where one bridging filament can result in several bridging cords e) before
filament failure and f) upon failure. g) Schematic of the fracture surface at the composite and
PEI film side with bridging filament parts at both sides.

21



=

0

10

11
12

13

14

15

16

17

18

19

20

Figure 9 shows the fracture surface of a joint made of 168 N strong filaments spaced by
2 mm. The bottom part exhibits zones with limited number of filaments segments (highlighted
in grey), revealing the surface of the composite. In these regions, a limited number of cords act
as bridging filament reducing the potential toughening. The same observation is made for all
fracture surfaces for this condition, probably explaining the sudden drop in toughness for a

crack advance beyond 20 mm in this case (Figure 6b, black line).

+—>
10 mm

Figure 9: Optical micrograph of the fracture surface of a co-cured composite joint with 167
N strong filaments spaced by 2 mm (orange filaments). The grey regions correspond to zones
with a limited number of filaments acting as bridging filaments.

5. Modelling and discussion

The experimental results indicate that the introduction of UHMPE cords in PEI co-cured
composite joints results in significant toughening owing to crack bridging. The toughness is
increased by a factor of minimum 1.5 up to 3.3 depending on the nature and spacing of the
filaments. In H5-satin composites, fibre bridging is known to have only a moderate influence
on G;. when inserting thermoplastic veils leading to toughening factors (G;? /G,) lower than 2
(Quan et al., 2020). The areal weight is comparable to the one of thermoplastic veils (~10 g/m?)
for a joint with filaments spaced by 1 mm (~20 g/m?). The level of toughening found in this

work is higher than expected. This also shows that there is room for potentially optimizing
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thermoplastic veils by controlling the orientation of the fibres. We now use the model presented
in Section 3 to investigate deeper the factors influencing this bridging mechanism.
Experimentally, we found that one part of the bridging filament is attached to the top
composite part and the other one to the bottom part. Filaments neither pull out of the composite
nor peel from the composite surface but fail under tension, indicating that it is the joint
toughness that matters and not the toughness of the composite-filament interface nor the PEI-
filament interface. As filaments fail under tension, many segments can be observed on the
fracture surface as shown in Figure 7f and in Figure 9, indicating that the bridging mechanism

can be better assimilated to the behaviour of law #4 described in Section 3.2 (Figure 4d).

5.1.1dentification of the model parameters and limitations of the model

The only unknown in the model based on the bridging Law #4 (Figure 4d) is the debonding
distance d which is taken next as a fitting parameter. The identification of d is shown in Figure
10 for the 38 N strong cords spaced by 1 and 2 mm. In order to reproduce the experimental
results, d must range between 0.25 and 0.5 mm. If now, the 56 N strong cords are considered,
d must be set to 0.1 mm, a value similar to the radius of the filament. Hence, in this case,
bending of the filaments dominates over tension (Supplementary Material 2). If bending is
considered, the results cannot be properly fitted anymore. This may be explained by the low
Young’s modulus of the threads resulting in large deformations, not captured by the analytical
model. The model also neglects potential defects that can be present in the joints.

The distance d is thus an important fitting parameter but it cannot be controlled while
depositing the filaments on the PEI film. In addition, the model requires to consider large
deformations and tension and bending dominated regimes, including the transition, which is
beyond the scope of the present analysis. Consequently, in order to discuss the influence of the

spacing and UTF on the joint fracture toughness, the Law #1 will be used.
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Figure 10: Fitting of experimental results (grey dots and dark line) using Law #4 with
different debonding distances d for a) 38 N — 1 mm, b) 38 N -2 mm, ¢) 56 N — 1mm and d) 56
N—2mm

With Law #1, the fitting parameter is no longer d but the tensile elongation of the
filament I/. Although this law does not represent well the configuration of the physical bridging
mechanism, it is possible, for each condition, to determine the I/ values so that the predicted
joint toughness matches the experimental G:5. The tensile elongation I/ is determined for the
joints with 38 N strong filaments spaced by 1, 2, 5, 7 and 10 mm as shown in Figure 11. Ideally,
I/, as d with Law #4, should keep the same value for all conditions. However, for the 38 N
strong cords, values of I ranging between 0.4 and 0.6 mm are found to fit the results for 2 = 1
mm while for 2 = 2 mm, I must be set with a value between 0.7 mm and 1 mm. Using values

for A ranging from 0.5 to 1.5 mm allows capturing the G,. of joints with filaments spaced by 5,

7 and 10 mm, but, as with Law #4, the distance over which the R-effect (Aa*®) takes place is
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then not well predicted. This may arise from a distribution of tensile elongation of the cords as
they can debond over different lengths with wide variations. For the filaments characterized by
a UTF of 56, 81 and 167 N and A set to 1 and 2 mm, I/ values ranging between 0.1 et 0.5 mm
reproduce the results, except if the UTF is 56 N and A is set to 2 mm, a condition for which 1/
must range between 0.7 and 1 mm (see Supplementary Material 3).

By fitting the experimental results with Law #1, it is found that for the joints for which
the filaments have been manually positioned, I/ and d are larger compared to the joints
manufactured by inserting the threads using the board with spikes. Placing the cords using the
board results in a higher tension in the filaments prior to bonding. The initial tension in the
threads may thus have an influence, but this parameter is difficult to control. In summary, all
comments made up to this point indicate that the present model thus involves several restricting
assumptions and can only be considered as semi-quantitative, although sufficient to discuss
next some key trends.

Fine tuning the value of I/ allows fitting the steady-state toughness. However, it is
observed in Figures 10, 11, S3.1 and S3.2 that the initial shape of the R-curve (rising part)
predicted by the model does not match the experimental response. The experimental response
is similar to what is predicted when assuming fibre pull-out, associated with a linearly
decreasing bridging law. However, no evidence of fibre pull-out could be seen during the
experiments or on the fracture surfaces. In addition, a softening law results in convergence
issues. The difference in shape could also come from the fact that experimentally, all filaments
do not break at the same I/ and there is thus a distribution of tensile elongation, influencing the
results while the model only considers a single value of 1. Considering a single value for 1/,
Spearing and Evans (Spearing and Evans, 1992) showed that, as long as the energy required to
break a ligament is the same, the steady-state toughness is not affected by the bridging law

shape. The purpose of the actual model is to determine the influence of the bridging properties

25



and the filament spacing on the steady-state toughness, the shape of the bridging law is of minor
importance.

The influence of the spacing and of the UTF is discussed now by only considering Law
#1 and keeping I/ constant but using different values within the identified spectrum. The goal
is thus to unravel the influence of the spacing (section 5.2) and of the UHMPE filament UTF

(section 5.3) in order to guide further optimization of the joint toughness (section 5.6).
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5.2.Influence of filament spacing

Figure 12a shows that the maximum toughness G;*** decreases as the spacing between the
cords decreases in agreement with the experimental results. Above a spacing 4., a stick-slip
behaviour (Figure 12c, A =4 mm) is predicted because when one thread breaks, the crack
advances but without additional filament introduced behind the crack tip. This results in a saw-
tooth R-curve as shown in Figure 12c (dashed lines). Above a spacing 4., the spacing does no
longer influence the maximum and minimum G, attained during crack propagation and the
minimum G, (G™™) is equal to G,. For the threads characterized by a tensile elongation of
0.25 mmand 1 mm, G = G, when the spacing between the threads is equal to 9 and 19 mm,
respectively. As shown in Figure 12b, G/™" = G, occurs when the bridging zone length 1, is
equal to A. The bridging zone length corresponds to the zone comprised between the first intact
filament behind the crack tip and the crack tip. If A is lower than [, there is always at least one
filament acting as bridging filament so that G/*™ > G,. If 2 > A.,, stick-slip is also found as
shown in Figure 12c with the maximum toughness corresponding to the toughness in the
presence of one filament and the minimum one to the joint toughness without bridging (G;*" =
G,). In this case, any increase of spacing does not affect the toughness but as A increases, the
frequency at which a peak toughness is reached decreases, reducing the number of toughening
events. For values of I/ up to 5 mm, 1., is not affected by {and is equal to 2 while 4., increases

as Iy increases as it increases [,.

28



u b WN -

10

11

12

13

14

-
=n

1400

20

000000000 O0OO0OOCO

® Stick-slip G =i,

1200 é QUOLDES
2 r . o
5 y —_ ), Tifl/ 1 R=h o
E w15 f
S, 1000r = Aea (U =1mm)
° 80
e sano] =
&) 800 o E "
172}
§ (‘“”'o 00 o°° J g 0000000000000 0D0D0ODO0CO0DO0
= > © 0000000000 8
o
—%b 400 9000068660 0000000000d oL /'}»
o R=| - 7
B 200} o o
= Ao (U = 0.5mm)
m
o i i i ; g A i o
0 2 4 6 8 10 12 14 16 18 20 0 5 10 15 20
Spacing A [mm] Spacing A [mm]
Glr*(1f = 0.25mm) f = f
Ic : UV'=025mm U =1mm
G (1 = 1 mm)
¢ 1400
1/ =0.25 mm
1200 Iy'=1mm
—_— ] =1mm
1000 - 1= 4mm
=== 1 =15mm

800

RO I I S
600 Pl SIS AT (o 1 i St ML

400 j
Z e

200

Toughness Gy [J/m?]

0 10 20 30 40 50 60
Crack advance Aa [mm]

Figure 12: Influence of the filament spacing on the joint toughness and response of the joint
for two tensile elongations of the filaments equal to 0.5 and 1 mm: a) evolution of toughness
with spacing, b) evolution of the bridging zone length with the spacing and c) R-curves for
spacings of 1, 4 and 15 mm.

5.3.Influence of the filament UTF

The UTF of the filament can be increased by changing the material, by triggering bridging
filaments acting in parallel (several filaments at each position L;) (Li et al., 2021) and/or by
increasing the diameter of the filament. For a given spacing and tensile elongation of the
filaments, increasing the UTF generally results in higher toughness, but with exceptions as
shown in Figure 13a. This arises from the fact that as the UTF increases, the bridging zone
length progressively decreases. For two filaments of similar UTFs such that F/* < F/2 it is
possible to have I} > 2 resulting in a more pronounced toughening effect for fibres of UTF

F’*. This is illustrated in Figure 13c. In addition, the toughening effect resulting from an
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increase of UTF also depends on their tensile elongation. The toughening effect is enhanced
with increasing 1. Figure 13a shows that although the spacing between the filaments is set to
1 mm, some conditions result in a maximum and minimum toughness. A R-curve corresponding
to such case is shown in Figure 13d. As the crack advances, the deflection at a distance [,
slightly increases and may exceed the tensile elongation of the filament, then reducing the
bridging zone length and the toughness. For a given tensile elongation of 0.5 mm, the combined

influence of UTF and spacing is shown in Figure 13b. Increasing the UTF results in an increase
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Figure 13: Influence of the UTF of the UHMPE threads on toughness: a) spacing of 1 mm
and different elongations (0.25, 0.5 and 1 mm), b) combined influence of UTF and spacing, c)
Increase in UTF with a decrease in bridging zone length reducing the toughness (lambda 1
mm, I 0.5 mm), d) R-curve exhibiting a local stick-slip behaviour as the bridging zone length
is suddenly reduced.
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5.4.Influence of the tensile elongation of the filaments

The influence of the tensile elongation has been previously discussed with the UTF and filament
spacing. An increase in tensile elongation results in an increase in toughness. However, as the
tensile elongation is increased, the distance over which the R-effect takes place increases,
delaying the attainment of the maximum toughness. In addition, by decreasing the tensile
elongation, the toughening effect resulting from the smaller spacing and UTF increase is
reduced. For the 56, 81, 167 N strong cords, using bridging Law #1, the tensile elongation is
assumed to be around 0.1 and 0.2 mm (Supplementary Material 3), explaining why the
toughening effect resulting from an increase in tensile UTF is not properly captured

experimentally.

5.5.Influence of the joint toughness without bridging filaments

Regarding the influence of the initial joint toughness, several comments can be made. First, the
contribution of bridging (G;; — G,) to the toughness is independent on G, as shown in Figure
14a. This means that the energy released during crack propagation corresponding to bridging
and thus filament breaking is independent of G,. Let’s consider, joints of initial toughness G,
and G, such that Gy; < Gy, and thus [,; > 1,,,. If in both cases, the steady-state is reached and
the crack advances by 1 mm assuming A = 1 mm. As the crack propagates, the first filament of
the bridging zone breaks for both joints, associated with a release of energy equal to I/ F/ /2.

As the change in potential energy due to bridging is independent of G, the contribution of

L . . . Frf o :
bridging (G;? — G,) is also independent of G, and is equal to ZlB_Za as shown in Figure 14a. This

indicates that the bridging contribution increases as the energy required to break one filament
increases, in agreement with the previous results regarding I and F/. However, relatively
speaking, the toughening effect G;> /G, decreases as the initial toughness decreases as shown

in Figure 14b. Indeed, for a bare joint without bridging filaments, if G, increases, the beam
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deflection at a distance x from the crack tip increases. Hence, when the filaments are inserted,
for low values of G, the distance between the two DCB arms at a position L; does not exceed
I/ while this value is well exceeded for larger values of G,. Hence, the bridging zone length
decreases as G, increases as shown in Figure 14c, reducing the energy dissipated in the bridging
zone. Finally, it is important to note that G, only slightly affects the distance over which the R-

effect takes place.
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Figure 14: Influence of G, on a) the bridging contribution G,. — G,, b)on the relative
toughening effect G,. /G, and c) the bridging zone length [,,. 2 mm is set to 1 mm while F/and
I/ are varied.

32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

In Supplementary Material 1, the relative toughening effect is shown to be slightly larger
in joints with a 175 um PEI film than in joints with a 50 pum thick film, in agreement with the
analytical model results indicating a decrease of G;7 /G, as G, decreases. However, the bridging
contribution is about 470 J/m? with the 50 um thick film and about 320 J/m? for the 175 pm
thick film, and this difference can only be explained by some process variability or by slight

changes of failure mechanisms between the two joints.

5.6.0ptimizing joints with architected bridging

The optimization of the joint properties depends on the architecture, which requires determining
the influence of the architecture parameters (geometry and properties) on several joint
properties including, among others, toughness, shear strength, shear stiffness, and tensile
strength. In the present study, only the influence of the architecture on the mode | toughness
has been investigated. Hence, it is solely possible to discuss the optimal architecture in a case
where a crack is subjected to peel stresses and that is sufficiently long such that toughness
dominates the problem owing to scale effects. The critical crack length above which toughness
dominates and not the strength depends on the thickness of the bondline, the process zone size
ahead of the crack tip and the elastic mismatch between the adherents and bondline materials
(Van Loock et al., 2019).

The influence of the bridging filament properties, distribution and the initial joint
toughness have been investigated in the previous sections. Increasing the UTF and the tensile
elongation of the filaments and decreasing the spacing between the filaments results in an
improved toughening effect (G°°/G,). The UTF can be increased by (i) changing the filament
materials for a stronger material, (ii) increasing the filament or (iii) by triggering bridging

filaments acting in parallel. The toughening effect is dependent on G,,.
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To consider the influence of spacing, filament properties, adherent properties and
dimensions, it is possible to derive a non-dimensional number that will be referred to as the
relative toughening effect, by analogy to the brittleness number derived by Carpinteri and his
co-workers (Accornero et al., 2022; Carpinteri, 1984) for reinforced concrete. The derivation
of the relative toughening effect number is given in Supplementary Material 4 which leads to

FII2

BAJGoER?

with the bridging zone [, increasing if I/, E, h or B increases or G, or a decrease. It indicates

NP = 4)

that increasing F/, I/, E, B or h results in a higher toughening effect while a decrease in A
results in an improvement of the toughening effect, in agreement with the experimental and
analytical model results for a given G,. This number also indicates that for tougher joints,
bridging is less efficient to toughen the joint in terms of relative toughening effect although the
steady-state toughness will be higher. In addition, it is only valid if the filaments fail under
tension.

It is important to note that regarding the tensile elongation, it increases the steady-state
toughness of the joint but also the distance over which the R-effect takes place, Aag,. Hence, in
some case, for short crack propagation distance, if one considers two joints made of the same
bridging filaments but with different elongation, the joint with the less ductile filaments can be
tougher than the one with the ductile filaments, as shown in Figures 11 and 12c. The effect of
I/ on Aa®® is not taken into account in the derivation of the relative toughening effect number
NP. For long crack propagation distances, the joint with ductile filaments (larger /) is the
toughest as suggested by Equation 4. Consequently, the design of the joint depends upon the
maximum allowable crack length and N? gives the right trend if for all joints compared to each

other a > [,,.
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It is also important to note that the optimum design will also depend on the influence of
the above-mentioned parameters on other properties of the joint such as its shear strength and
shear stiffness. Such an investigation is left for further work with the goal to select the best joint
design by following a rational selection methodology as presented in the study by van Innis and

Pardoen (van Innis and Pardoen, 2023).

6. Conclusion

Co-curing of composites with an adhesive is an attractive alternative to secondary bonding, but
it often involves lower joint toughness. As a solution, the adhesive can be replaced by a
thermoplastic film such as PEI. The joint toughness is then enhanced compared to composite
delamination for composites manufactured based on pre-pregs. However, when the same co-
curing is performed using a resin transfer moulding process, a toughness lower than the
composite delamination toughness is found requiring the adoption of an extra toughening
strategy. Here, crack bridging has been triggered by inserting UHMPE filaments at both sides
of the PEI film resulting in an improvement of the toughness by a factor up to 3.3. Joints with
UHMPE filaments are thus characterized by a toughness significantly larger than the
delamination toughness of the composite and compete, depending on the design parameters,
with classical adhesive joints.

The toughness of the joint is controlled by the spacing between the filaments, the failure
load and the tensile elongation of the filaments. A smaller spacing and high failure load of the
filaments improves the fracture toughness. Increasing the tensile elongation of the ligaments
also results in larger toughness, but it requires longer crack advances to reach the steady-state
toughness. Hence, for small crack propagation length, joints with less ductile filaments can be
tougher than joints with ductile filaments. Consequently, the joint design must consider the

maximum allowable crack extension, and the level of toughness required upon a certain crack
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propagation distance to fulfil the mechanical requirements. If the crack is allowed to only
extend over a small distance, it is preferable to increase the bridging filament failure load by
changing material, increasing the filament radius or have filaments acting in parallel than
increasing the tensile elongation. If the crack extends without restriction, increasing the tensile
elongation of the filament is an option, however, difficult to control experimentally. This
optimization could be performed in the context of a rigorous adhesive selection strategy

following (van Innis and Pardoen, 2023).
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