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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5281/zenodo.1 Structural adhesive bonds are a desirable joining method for lightweight composite structures, but they are
5781418 currently not certifiable as the sole joining method for primary joints in aircraft structures. The multifunctional
Keywords: bondline approach, which includes a disbond arrest technology and strain monitoring, aims to solve this prob-
Multifunctional bondline lem. The multifunctional bondline consists of, in addition to the adhesive bondline, a thin film Polyetherimide
Adhesion (PEI) based sensor and a Poly(vinylidene fluoride) (PVDF) layer toughening the fiber reinforced plastic surface.
Polyetherimide sensor inlay Previous studies have shown that adhesive failures in the PEI-PVDF interface impair the functionality of the
Poly(vinylidene fluoride) surface toughening toughening layer.

Stick-slip behavior This study, therefore, analyzes methods to increase the interfacial adhesion between PEI and PVDF to

Instable crack growth eliminate this weak point of the multifunctional bondline. Using physical vacuum ultraviolet (VUV), Corona,

and mechanical Peel Ply methods, the adhesion enhancement is analyzed using Double Cantilever Beam and
End Notched Flexure tests to determine critical energy release rate (cERR) under Mode I and II. Under Mode
II, for Corona and VUV pretreatments, only the standard deviation of cERR could be reduced. However, under
Mode I, the cERR value could be increased by 80 % with VUV pretreatment. Results of Energy Dispersive X-ray
Spectroscopy (EDX) analysis suggest that the crack path is transferred from the PEI-PVDF interface to the
PVDF film because fluoride elements were detected on the specimen half covered with PEL This shows that
the adhesive failure observed in previous studies was caused by a weak PEI-PVDF interface resulting from
insufficient surface pretreatment. Peel Ply structured PEI surface decreases interfacial adhesion under Modes
I and IL. The significantly improved interfacial strength resulting from VUV pretreatment can pave the way
for a robust multifunctional bondline. Avoiding the PEI-PVDF interface from being the weakest link in the
structural bond enables the PVDF disbond-arrest function and the PEI sensor function to be retained, allowing
the full potential of the base materials to be utilized.

1. Introduction bonding as a constructive design made possible by adhesive bonding,
characterized by high strength and stiffness.

In fiber-reinforced plastics, bonded joints provide a higher lightweight However, structural bonds alone are not yet used as primary joints
potential due to the high strength-to-weight ratio compared to con- in aircraft structures. Primary joints are highly load-bearing struc-
ventional mechanical joining techniques such as bolts or rivets. Thus, tures with a single load path. Failure of these components leads to
structural bonding is a key technology for lighter aicrafts with an a catastrophic loss of aircraft. Secondary joints are used in multiple
overall increased efficiency. It should be noted that there is no uni- load path structures. In this case, a failure of a single joint leads to a
versal definition for structural bonding. According to Hart-Smith [1], load redistribution, and thus to a minor failure consequence. Adhesive
structural bonds transfer load between components through epoxy, bonding in primary structures offers the greatest theoretical potential
phenolic, or acrylic adhesives, whereas Habenicht [2] defines structural for weight savings [3]. In addition to the fact that structural bonds
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Fig. 1. Crack path in CLS specimen after crack growth indicating adhesive failure between PEI and PVDF [10].

suppress the spread of damage, a major challenge is the concern about
long-term durability [4].

Therefore, a damage-tolerant design for primary bonds is needed. To
ensure safety, the European Union Aviation Safety Agency and the U.S.
Federal Aviation Administration state three methods for any bonded
primary joint to comply with the certification specification: a maximum
allowable disbond length must be determined by analysis or tests, or
both and prevented by design features; proof testing must be conducted
on each primary bonded production article; a reliable and repeatable
non-destructive testing (NDT) method must be established [5,6]. The
second method is not affordable in large commercial aircraft produc-
tion, and there is no method available to measure the adhesion of the
bonded joints. However, currently no NDT inspection technique able to
reliably detect weak bonds is available [7]. The first method remains to
be considered for practice, which leads to the need for disbond arrest
methods.

The state of the art for the current certification strategy used by the
aircraft industry is based on the limitation of disbond length to a max-
imum allowable one, through additional mechanical fasteners. Sachse
et al. [8] showed that the fasteners in adhesively bonded crack lap shear
specimens are effective in arresting crack growth. The observations of
Chowdhury et al. [9] can support this, who proved crack arrest under
static and dynamic load with additional mechanical fasteners in bonded
carbon fiber reinforced plastics (CFRP) joints.

These hybrid joining methods show drawbacks in weight efficiency,
reduce the adhesively bonded area, and interrupt the load path by
cutting the load-bearing fibers, leading to an increased notch effect.

Surface Toughening, a more recent approach, is an advantageous
method in terms of material-appropriate implementation and inte-
gration into the fiber-reinforced plastic manufacturing process. This
technology involves the local application of thermoplastic films co-
cured to the composite. This film shows lower stiffness and higher
ductility than the adhesive and adherends. Steinmetz [10] showed the
capability of Poly(vinylidene fluoride) (PVDF) as Surface Toughener in
CFRP structural bonds for disbond arrest. In addition, Schollerer [11]
proved with the same technology but different positioning of PVDF
an increase in strength of 84 % [12] under static loads. However, the
effects that lead to disbond arrest and strength increase are not yet fully
understood. Damage analyses based on the method described in [13]
show that these advantages are not solely attributable to the difference
in stiffness and high ductility.

Heide [14] and Steinmetz [10] proposed a multifunctional bondline,
which adds health monitoring functionalities to the disbond arrest
feature, to overcome safety concerns without impairing the lightweight
potential of the structural bonding. One key aspect studied by [10] is
the functional compliance of the multifunctional bondline. This means
the multifunctional bondline must bear the design loads during oper-
ation, be manufacturable using the standard thermoset CFRP curing
process, and should not be heavier than state-of-the-art joining tech-
nologies. The proposed multifunctional disbond arrest feature (MDAF)
consists of a smart inlay, i.e. a thin-film sensor with Polyetherimide
(PEI) film as a substrate and a PVDF film as an encapsulation [15]. The
smart inlay was fabricated from thin gold measuring grids, supported

by a PEI layer to monitor mechanical strain at two successive fronts
inside the bondline. Configured in a half-bridge structure, the system
identified cracks by detecting strain gradients caused by the crack
propagation.

The multimaterial layout with a PEI-PVDF interface was required
because smart inlays relying solely on PEI or PVDF did not provide
the sensor carrier and disbond arrest functions. PEI did not act as a
Disbond Arrest Feature (DAF) [10]. Smart inlays with a PVDF substrate
and a PVDF cover could not be manufactured in standard curing
processes because the PVDF melted, resulting in a destroyed sensor
structure [10]. PVDF-based smart inlays without an additional PVDF
cover could be manufactured and acted as a DAF, but the sensor broke
well before significant damage in the adhesive itself occurred. Hence,
only smart inlays made of a PEI substrate with a PVDF encapsulation
showed a disbond arrest function and measured the event of damage
reaching the MDAF. However, the MDAF failed after the crack reached
its position [10].

This was shown in cyclic crack growth tests using Cracked Lap Shear
(CLS) specimens to simulate crack growth under sinusoidal tensile-
tensile loading over 10° cycles. The CLS specimen is a doubler adhesive
joint with a single free overlap edge and an artificial disbond at the
overlap edge. This test method allows for crack growth experiments
under realistic fatigue loads to evaluate the functional compliance of
the MDAF [10].

These CLS tests showed a crack growth in the PEI-sensor-PVDF
interface as depicted in Fig. 1. An additional observation was that
the crack is initiated in the PEI-CFRP interface but propagates in the
PEI-PVDF interface.

This weak PEI-PVDF interface mitigates the disbond arrest func-
tion of the PVDF, leading to an adhesive failure in the CLS spec-
imens after 10° cycles at ultimate load (corresponding to a strain
of 4000 pm m~! laminate strain, which is generally regarded as the
ultimate operating load occurring in aerospace CFRP laminates [16]).
This raises the question of how the interfacial adhesion between the
two films can be increased to shift the crack path as desired to the
adhesive bondline. The high interfacial adhesion between epoxy-based
CFRP and PEI film is attributed to diffusion during the curing process,
creating a tough interphase on a micrometer scale [17-20]. This well-
studied interphase enhances the critical energy release rate (cERR) of
the CFRP without affecting the strength [21,22].

The adhesion between PVDF and epoxy resin of co-cured CFRP is
also based on diffusion processes forming a similar interphase but on a
nanometer scale [23]. Schollerer [11] reported that additional vacuum
ultraviolet (VUV) light surface pretreatment improves the adhesion in
co-cured PVDF/CFRP interfaces. VUV pretreatment for PEI has also
been studied in [24] in combination with the CFRP material used
in [10,11]. An increase in the surface free energy but no significant
increase in the interfacial strength was detected. However, the standard
deviation was reduced significantly. These observations suggest that
the PEI-PVDF interface adhesion could be improved through surface
pretreatment. Hence, the objective of this work is to evaluate differ-
ent surface pretreatment methods to increase the interfacial strength
between PEI and PVDF films to move the crack path toward the
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Table 1
Summary of all investigated interfaces (see Section 2.3 for the detailed
layups).
Tested interface Surface pretreatment
PEI-PVDF -
PEI-PVDF Corona
PEI-PVDF vuv
PEI-PVDF Peel Ply
PEI-CFRP -
PVDF-CFRP -
CFRP-CFRP -
Adhesive-CFRP (results from [28]) Plasma

adhesive bondline or to the CFRP. The adhesion of this particular
interface remains largely unexplored in the literature. For this purpose,
experimental tests were carried out.

The bondline in the CLS specimen is stressed with a mixture of peel
and shear loads. The mixed mode ratio between Mode I and Mode
II (MMR = G;;/(G; + G;) for an equal thickness of strap and lap
amounts to 0.79 [25]. Hence, the share G;; amounts to 0.79 and the
share of G; amounts to 0.21 [26]. Johnsen [25] and Wang [27] showed
that the ratio between peel and shear within the adhesive layer remains
nearly constant for varying crack lengths. It can be concluded that
the CLS configuration is dominated by shear stress (Mode II) as the
proportion of peel stress (Mode I) is far below the proportion of Mode
II.

In order to increase the understanding of the influence of the
different interfaces in the MDAF on the failure behavior, Mode I and
Mode II are investigated separately.

For that matter, Double Cantilever Beam (DCB) and End Notched
Flexure (ENF) tests are used to determine energy release rates of the
PEI-PVDF interface with different surface pretreatment methods under
Mode I and II. This quantifies the influence of the surface pretreatment
on Mode I and II cERR and therefore on the mechanical properties
of the multifunctional bondline. In addition, after testing the fracture
surfaces are characterized by Scanning Electrone Microscopy (SEM)
with energy dispersive X-ray spectroscopy (EDX) to detect the crack
path based on the chemical composition of the fracture surface.

2. Material and methods

The core investigation method is to evaluate the strength of PEI-
PVDF interfaces subjected to different surface pretreatments using cERR
under Modes I and II. In addition, the cERR values for PEI, PVDF, and
the Hysol EA9695 film adhesive from Henkel at interfaces with CFRP,
as well as monolithic CFRP, are included. This enables quantifying
the strength of the PEI-PVDF interfaces relative to all other interfaces
present in the MDAF. Table 1 summarizes all tested interfaces, includ-
ing the surface pretreatment method. The adhesive-CFRP interface has
been investigated by Volkernik [28] before. Hence, his results are used
for the comparison instead of repeating the experiment.

2.1. Material selection

The substrates of all specimens in this study were made from
Hexcel HexPly 8552 prepreg with unidirectional IM7 carbon fibers
with a nominal cured ply thickness of 0.125 mm. The amine-curing
epoxy-resin system was cured according to the autoclave cycle given
in the datasheet [29]. The prepreg material was combined with two
thermoplastic film materials to form the interfaces under investigation.
Two different Ultem 1000 PEI films with a thickness of 25 and 125 pm
were used. In addition, the PVDF layer in the specimens were made
from a 100 pm thin Nowoflon PVDF film.

In this study, the adherend materials (CFRP substrate) were kept
constant across all specimen configurations to isolate the effect of sur-
face pretreatment on the PEI-PVDF interfacial adhesion. Therefore, the
influence of the adherend stiffness and surface energy on the measured
cERR is considered constant and is not varied in this investigation.
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2.2. Surface pretreatments

Numerous surface pretreatments can be applied, divided into me-
chanical, chemical, and physical. Widespread surface pretreatment
methods for adhesive bonding are atmospheric-pressure plasma, re-
ferred to as plasma in the following, grinding, or laser pretreatments,
which several authors have investigated. Mechanical pretreatments
often lead to a moderate increase in bonding strength and a higher stan-
dard deviation [28,30]. Plasma, Corona, or UV-zone pretreatments are
commonly used to achieve high bonding strength, resulting in cohesive
failure [28,31]. Since PEI and PVDF already show high specific adhe-
sion in the thermoset CFRP/thermoplastic film interface [22,32], only
the contacting surfaces of the films are pretreated. For this purpose,
Corona, Vacuum Ultraviolet Light (VUV), and Peel Ply pretreatments
were performed.

Peel Ply is a removable two-dimensional micro-structured fabric
layer containing polyimide that can be used for the surface of composite
materials to create a reproducible surface microstructure, enabling sim-
ple demoulding. The torn fabric structure of the Peel Ply enhances the
surface roughness and surface wettability of the substrate. In this case,
the PEI surface is chosen to be thermally prepared with Peel Ply. The
PEI represents the sensor carrier and encapsulation layer. Encapsulation
was performed using a diffusion-welding process at 230°C (7,, = 250°C)
using a polyamide based Peel Ply (T0098, WELA). The detailed descrip-
tion of the applied diffusion bonding process can be found in [33]. The
main reason why only PEI was chosen to be structured with Peel Ply is
the fact, that the PVDF reaches its melting temperature (7,, = 165°C)
during the autoclave process for laminate manufacturing (Section 2.3).
Therefore, PVDF can wet the PEI during the autoclave process. This
allows the PVDF to attach itself to the Peel Ply-structured PEI for an
increase in mechanical adhesion.

The second method chosen is Corona pretreatment, which removes
contamination and changes the surface energy of the substrate by
introducing polar groups into the surface of the substrate due to Corona
or electrical local discharge. Corona pretreatment was performed using
a discharge system, LabTEX-X from Tantec. The system consists of
a power supply, a high voltage generator, a high frequency genera-
tor (typically 100 W, 28 kV, and 50/60 kHz), a control box, and a
Corona station. The Corona discharge generates a plasma that produces
reactive groups like ozone, leading to oxidative modification of the
substrate surface and the introduction of polar functional groups like
hydroxyl, carbonyl, or carboxyl groups. This causes an increase in spe-
cific adhesion. After being cleaned, the PEI and PVDF films were placed
on an HDPE plate and the discharge process was manually driven two
times by a wire electrode. The distance between the electrode and
substrate was 4 mm. The PEI and PVDF films were pretreated according
to the recommendations of the corona discharge system with 100 W
and 28 kV.

The third method performed was Vacuum Ultraviolet (VUV) radi-
ation pretreatment using a Xenon excimer lamp that emits photons at
a wavelength of 172 nm. VUV pretreatment relies on photochemical
splitting of molecular bonds of polymers, which enhances the surface
polarity. Arikane et al. [32] already reported the effect of VUV on
PEEK films for adhesion enhancement to CFRP and proposed certain
pretreatment parameters. Based on this, Schollerer [11] successfully
transferred the findings to PVDF for application in CFRP, which was
also used for PVDF and PEI in the present work. In this study, the
pretreatment radiation energy was set to 540 mJ/cm? with a distance
of 0.5 mm between an ExciJet 55-130 lamp and the substrate surface.
The surface temperature during the VUV and Corona pretreatment did
not exceed the glass temperature of the polymer.
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Fig. 2. ENF and DCB specimen configuration with PEI-PVDF Interface depicted with microscopy cross-section.

2.3. Specimen manufacturing

The DCB and ENF specimens (Fig. 2) are manufactured according to
the geometry recommended in ASTM D5528 and ASTM D7905 (Tables
2, 3). The specimens were about 3 mm thick, which corresponds to 24
prepreg plies. This was the base configuration to test the CFRP-CFRP
interface. The initial crack was realized by introducing a 12 pm thick
ethylene-tetrafluoroethylene release (ETFE) film between the 12th and
13th prepreg ply. The initial crack length a, was 62 mm for the DCB
specimens and 40 mm for the ENF specimens.

For the other configurations with extra material, one or two ad-
ditional layers were placed between the 12th and 13th prepreg ply.
For all configurations with one extra layer (PEL, PVDF and Adhesive),
the release film is between the extra material and the adjacent prepreg
ply. For the PEI-PVDF interface with two extra layers, the release film
is placed directly on the PEI-PVDF interface instead. Fig. 2 shows
the layup of the specimens for testing the PEI-PVDF interface, and
Tables 2 and 3 indicate the ply-thickness of the additional layers for
all configurations.

Each plate was cured in an autoclave. The specimens were cut from
the manufactured plate, and piano hinges (25 mm X 25 mm X 1 mm)
were bonded onto the DCB specimens with the room-curing Loctite
EA 9466 epoxy adhesive after sanding the laminate and piano hinge

Table 2

Parameter values for the DCB specimen.
Parameter Value Unit
Length, /)cp 250.0 mm
Width, wpep 25.0 mm
Total thickness, ¢, 3.26 mm
PEI-PVDF thickness, tpz;__pypr 0.15 mm
PEI thickness, 155, 0.025 mm
PVDF thickness, tp pp 0.1 mm
Initial crack length, q, 62 mm

surface to enhance the mechanical adhesion. Based on the study of
Kyriazis [22], the piano hinges were bonded in reverse compared to
the test standard. This measure reduces the possibility of premature
failure of the bonded piano hinge.

2.4. Mechanical testing and data reduction methods

DCB and ENF tests were performed on a Zwick/Roell Zwickiline
universal testing machine equipped with a 5 kN load cell.

DCB tests were used to determine the cERR for Mode I. The energy
release rate can be derived according to the fundamentals of Griffith’s
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Table 3

Parameter values for the ENF specimen.
Parameter Value Unit
Length, Iy p 130.0 mm
Spanlength, L 100.0 mm
Width, weyr 25.0 mm
Total thickness, #, 3.26 mm
PEI-PVDF thickness, tpz;__pypr 0.15 mm
PEI thickness, 755, 0.025 mm
PVDF thickness, tp, pp 0.1 mm
Initial crack length, q, 40 mm

Fig. 3. DCB specimen inside fixture of testing machine according to ASTM
D5528.

linear elastic fracture mechanics by simultaneously measuring load P,
displacement d, and crack length a. The piano hinges of the specimen
were mounted inside the clamping of the testing machine (see Fig.
3). First, the testing machine is operating with a testing speed of
2 mm/min to achieve a natural pre-crack as the starting condition of
3 to 5 mm. After unloading the specimen, the testing machine was
driven at a constant crosshead speed of 1 mm/min for the test itself
until a final crack length of 55 mm was observed. Crack length was
measured during the test with a moving digital microscope. The applied
load and the displacement were recorded and synchronized with crack
length. For all specimens with PEI-PVDF interfaces and PVDF showing
excessive, unstable crack growth, no natural pre-crack was introduced
prior to testing, as initial precracking attempts resulted in unstable
crack propagation, rendering the precracking step impractical for these
configurations. The value of G;. was calculated using the Modified
Beam Theory (MBT) method (Eq. (1)), as it is more conservative than
the Compliance Calibration (CC) and Modified Compliance Calibration
(MCCM) methods:
3Pd

= ¢ 1
2w(a0+|A|) W

Gic
where w is the width of the specimen and |4]| is a correction accounting
for imperfections compared to linear theory caused by rotations that
may occur at the crack tip. The correction value |4| is experimentally
determined by plotting the least squares of the cube root of compliance
C% as a function of crack length. It should be noted that the correction
does not include potential contributions from a process zone or fiber
bridging.

ENF tests were conducted according to ASTM D7900 with the non-
pre-cracked (NPC) method using a three-point bending fixture. The
ENF specimens were placed on two supports with a diameter of d;, =
5 mm and a distance of L = 100 mm (Fig. 4). The load is introduced
by a central stamp with a diameter d, = 5 mm. This radius prevents
from local damage due to indentation. A constant crosshead speed was
set to 1 mm/min. Crack length is defined by the distance from the
closest support to the inserted release film tip. Applied markings on

International Journal of Adhesion and Adhesives 150 (2026) 104399

Fig. 4. ENF specimen inside 3-point-bend setup according to ASTM D7905.

the specimen facilitated the position of the specimen on the three-point
bending fixture. As crack propagation is always unstable in ENF tests,
crack propagation is not monitored.

The flexural modulus and the cERR of Mode II were obtained by the
following Egs. (2)-(4).

203 + 3a(3)
Ef=—r 2)
8wttC
G 9Pagd @
M BwE 2
9Payd
Gllc (4)

 2w(2L3 +3d))

where the load P and the bending displacement d are taken at the
occurrence of the crack, and w is the width of the specimen. The ASTM
D7905 standard proposes non-pre-cracked (NPC) and pre-cracked (PC)
test methods serving different purposes. In the NPC method, the speci-
men is loaded without the artificial pre-crack until the first significant
load drop is observed. The specimen is then unloaded and the crack
length after testing is measured. This advanced crack tip displays
the initial crack length for the PC method. The difference between
both methods reveals a more conservative cERR from the PC method,
whereas the NPC method is faster to prepare since pre-cracking is
not mandatory. Each method consists of a compliance calibration and
fracturing step. So, one of each series is used to identify correction pa-
rameters for the compliance calibration (CC) method recommended in
the test standard. Compliance C is determined by loading the specimen
with 25 % of the critical loads at multiple simulated crack lengths by
moving the specimen.

2.5. Microscopic methods

A Helios G4 CX (FEI) scanning electron microscope (SEM) equipped
with energy dispersive X-ray spectroscopy (EDX) was used to study
the fracture surfaces. Element mapping was conducted to analyze the
chemical composition along the fracture surface. This should provide
information about the crack path.

3. Experimental results and discussion
3.1. DCB test result

Fig. 5 shows the force-displacement curves from the DCB tests. For
simplification, the PEI-, PVDF-, adhesive-, and CFRP-CFRP interfaces

are denoted as PEI, PVDF, adhesive, and CFRP, respectively, in the
following.
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PEI-PVDF interface
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Fig. 5. Force-displacement curves of DCB tests of different interfaces.

All load—displacement data show linear behavior until the first load
drop. Regarding the PEI-PVDF interface, it can be derived that the
Peel Ply method decreased the damage load, while Corona pretreat-
ment improves the damage initiation load up to 79 N. The damage
initiation load of the specimens pretreated with VUV shows a higher
scatter but a load up to 110 N. After damage initiation, an unstable
crack propagation is observed for all PEI-PVDF interfaces and PVDF
specimens, except for one Corona-pretreated specimen. In contrast to
a stable crack propagation, where the force gradually decreases while
the displacement increases, as seen for PEI, CFRP and film adhesive
specimens, a discontinuous crack propagation appears as a distinct
decrease in force between repeating crack growth and arrest. This
behavior is known as “stick-slip”, “non-smooth”, or “crack plane mit-
igation” effect. An example of this stick-slip behavior of a Corona
prepared specimen is shown in more detail in Fig. 6. With a sudden
load drop (slip), the crosshead displacement does not change, but the
crack propagation length changes fast. The fast crack propagation is

arrested at a point followed by linear load increase at a lower stiffness
(stick). The load decreases after one slip for the PEI-PVDF interfaces
and PVDF by 90 %. The load drops for PEI, CFRP, and film adhesive
specimens gradually in a stable manner throughout the propagation of
the crack. The maximum load drop in this case is 40 %. The stick—
slip behavior is related to the field of fracture dynamics. Due to the
high propagation velocity of the crack during the slip phase (Fig. 6),
the elastic strain energy is not entirely/directly converted into crack
surface energy. Instead, part of the released energy is transformed into
kinetic energy (causing a quick movement of the cantilever beams) and
dissipated energy (such as plastic deformation at the crack tip).

This localized plastic deformation at the crack tip is particularly
relevant for the PEI-PVDF interface and PVDF specimens, as PVDF
is a semi-crystalline thermoplastic capable of plastic deformation. In
contrast, for the CFRP and film adhesive specimens, which exhibit
brittle fracture behavior, plastic dissipation at the crack tip is con-
sidered negligible. For PEI specimens, some limited viscoelastic or
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Fig. 6. Exemplary stick-slip behavior of one non-pretreated PEI-PVDF specimen: Load and crack propagation length over displacement and time.

plastic contribution cannot be excluded, but the observed stable crack
propagation suggests that energy dissipation through plasticity remains
minor compared to the crack surface energy.

In contrast to the stable case, where crack propagation occurs under
quasi-static conditions, energy is transformed into crack surface energy
with negligible kinetic energy [34].

The data for the R-curves are shown in Fig. 7, depicting G;. as
a function of the crack length. This allows characterization of the
initiation and propagation of the cracks. Specimens with PEI-PVDF
interfaces and PVDF film show only two measurements of G;. due
to a single distinct load drop. It can be found that there is a big
difference between the initiation and arrest values. The R-curves of
PEI-PVDF interfaces show the lowest G, values for crack initiation for
the Peel Ply method and the highest for the VUV pretreated specimens.
However, the G, values for the crack propagation decrease to almost
0 N/mm. The typical R-curve-effect, characterized by an increase in
energy release rate with increasing crack length, is only observed for
the monolithic CFRP in this study and is caused by fiber bridging,
which is only observed for the monolithic CFRP in this study. Fiber
bridging effectively increases the compliance of the specimen without
a corresponding increase in crack length, such that neglecting it would
lead to an overestimation of G;. and an artificially steep R-curve.
However, since |4| as defined in ASTM D5528 accounts only for beam
root rotation. Fiber bridging is thus not corrected. Several studies in
the literature describe the influence of fiber bridging on the measured
G, value and propose corresponding correction terms or modified data
reduction [35,36]. For all the other specimens, no fiber bridging was
observed, and the correction |4| is therefore attributed solely to beam
root rotation as described in Section 2.4.

While stable crack propagation has been extensively investigated,
the literature considering unstable crack propagation is still limited.
Kusaka et al. [37] proposed a rate-dependent dynamic crack growth
model based on the energy balance principle, describing this instan-
taneous decrease in G;.. According to Kusaka et al. [37], the crack
growth behavior of unidirectional CFRP could change from unstable to

stable by increasing the loading-rate from 0.01 to 5 mm/min as inertia
slows down the crack propagation velocity. Based on the Kusaka model,
Zhou et al. [34] introduce a energy release rate ratio y (Eq. (5))
_ G _ (ay + 4a)*

o~ 4

Y )
as an important parameter, being able to describe the degree of insta-
bility of a crack propagation. A higher value for y leads to a larger
difference between initiation cERR Gj”c“ and arrest cERR G{'', a longer
fast crack propagation phase, as well as a higher kinetic energy level.
When y is close to one, the initiation cERR is almost equal to the arrest
cERR, which describes the stable propagation situation. In this study,
the unstable crack growth specimens have a y of up to 21, while the
stable crack growth specimens show a y of up to 1.5. This variable
y in the Kusaka model modified by Zhou et al. helps to describe the
degree of instability, but does not fully explain why instable crack
growth is observed for the considered interfaces. Webb et al. [38] stated
that stick—slip crack growth is often observed in constant extension
rate tests of viscoelastic polymers. The strain energy release rate is
not only a function of the crack length but also depends on the crack
tip velocity, where rate-dependent fracture processes occur. The rate-
dependent viscoelastic behavior leads to stick-slip effects because the
polymer cannot dissipate enough energy fast enough. This accumulated
energy promotes sudden and quick crack jumps. From Hund et al. [39]
and Pan et al. [40] it can be concluded that PVDF and PEI show a
strongly rate-dependent deformation, explaining the tendency towards
unstable crack growth observed in this study. However, the pristine
PEI film shows stable crack propagation, which can be explained by
discussing the G, values below.

Fig. 8 presents the G;. of the PEI-PVDF interfaces with different
surface pretreatments, the pristine films, monolithic CFRP, and film
adhesive. A significant increase of 80 % for G, can be achieved with
VUV treatment. While no significant increase is measured using the
Corona and the Peel Ply methods, Wang et al. [41] found that Peel
Ply structured CFRP surfaces in a secondary adhesive bonding process
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Fig. 7. R-curves of different pretreatment methods and pristine PEI, PVDF, CFRP and film adhesive in the DCB tests. Every line shows the R-curve of one specimen.
The dashed lines guide the eye to highlight that no linear relationship is suggested between energy release rate and crack length.

do not increase the cERR in Mode I. They explain this tendency mainly
with an unchanged contact angle between the Peel Ply structured and
reference surface. However, Bérnard et al. [30] showed that a Peel
Ply pretreatment increased surface energy by 40 %. In this study, the
mechanical adhesion due to mechanical interlocking and the specific
adhesion according to Kanerva et al. [42] based on an increase in sur-
face polarity due to the use of polyamide Peel Ply do not come into play
to a sufficient extent with the PEI-PVDF interface under consideration
here. In contrast, specific adhesion appears to be improved by VUV and
Corona treatment. There are limited insights about the influence of both
surface pretreatment methods, compared with each other, on cERR.
Oosterom et al. [43] showed no significant impact on shear strength
for Corona- and VUV-pretreated PMMA substrates for different process
parameters.

The non-pretreated PEI-PVDF interface is not weaker than CFRP,
but weaker than the adhesive. The energy release rate in Mode I of the
non-pretreated interface is 60 % smaller than the film adhesive’s value.
This confirms the observations that the failure of the multifunctional

bondline in the CLS specimens occurs at this interface (Section 1). PVDF
shows the highest G,;, value with 1.84 N/mm. Lobel [26] reported
for a PVDF film from the supplier Nowofol an energy release rate at
2.32 N/mm. The pristine PEI film shows almost the same G;. value
as the monolithic CFRP. This finding contradicts the literature, since
Bruckbauer [21] and Kyriazis [22] determined an increase of 50 %
in G;. compared to the monolithic CFRP while observing a cohesive
failure of the PEL In this study, the specimens with the pristine PEI film
show a fiber tear failure of the CFRP, which explains the G, close to the
CFRP value. The VUV treatment of the PEI-PVDF interface also leads to
a significant increase from 0.22 to 1.2 N/mm which is in the standard
deviation of the pristine PVDF and above that of the film adhesive.
Fig. 9 shows an image of the fracture surfaces of the DCB specimens
with VUV-pretreated PEI-PVDF interfaces. Fig. 10 shows the fracture
surface of the non-pretreated PEI-PVDF interface. On the right side,
the area of the release film for the initial pre-crack is evident. Both
specimen configurations apparently show adhesive failure between
the PEI-PVDF interface. However, the pretreated and non-pretreated
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specimens show differences in energy release rate and their fracture
surfaces. The PEI and PVDF films appear mat, whereas the fracture
surfaces of the non-pretreated specimen show a barely unchanged
appearance compared to the initial state before integration. The stick—
slip behavior mentioned above in Fig. 6 can also be observed on the
fracture surface of the VUV pretreated specimen (Fig. 9). The area
of each propagated crack displays quasi-parabolic crack front curves.
This suggests that the crack length determined at the edges of the
specimens during the test differs from the maximum crack length in
the middle of the specimens. Considering this, the true energy release
rates should be slightly lower than the calculated value. The PEI and
PVDF films show a stress whitening phenomenon (crazing) at each
crack initiation stage in Fig. 9. This results from the plastic flow and
crazing processes of the films [39]. Crazing forms a process zone
ahead of the crack tip, dissipating energy. Since the correction |4| as
defined in the ASTM D5528 addresses only beam root rotation and
elastic deformation, the energy dissipated within the process zone is not
corrected. Consequently, the determined G, values for VUV pretreated
PEI-PVDF interface are likely overestimated, as the dissipated energy
from crazing and plasticity is attributed to the crack surface energy
formation. Differences in the fracture surfaces and the average G,
indicate different adhesion mechanisms.

Fig. 11 shows the results of SEM analysis with EDX mapping of the
crack surfaces depicted in Figs. 10 and 9. The overall distribution of
the elements and the corresponding spectrum are depicted. The half
specimen with PEI surface without surface preparation shows oxygen

stick slip
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Table 4

Position of crack and distinction between cohesive (CF), adhesive (AF),
special-cohesive (sCF) and fiber-tear-failure (FTF)for the DCB specimen
configuration.

Specimen config. Crack length ¢ in mm Failure type

PEI-PVDF untreated 130-152 AF
PEI-PVDF Corona 107-197 AF
PEI-PVDF VUV 99-167 sCF
PEI-PVDF Peel Ply 93-104 AF
PEI 114-117 FTF
PVDF 105-148 CF
CFRP 109-111 CF
Adhesive 168-172 CF

sulfite (Fig. 11a), whereas with VUV pretreatment, a significant amount
of fluoride is detected at the same level as oxygen (Fig. 11c). The
specimen halves with PVDF surfaces (Fig. 11b,d) are unchanged in
terms of element types.

Although the failure mode appears adhesive on a macroscopic level
(Fig. 9) in the VUV-pretreated samples, the detection of fluoride on the
PEI fracture surface indicates that the crack did not propagate strictly
along the PEI-PVDF interface. Instead, the presence of fluoride on the
PEI side suggests a partial cohesive failure within the PVDF layer,
consistent with a special cohesive failure according to DIN EN ISO
10365. This implies that VUV pretreatment promotes intermolecular
interaction at the PEI-PVDF interface, resulting in a failure mode that is
adhesive in appearance but cohesive in nature at the microscopic level,
contributing to the specific adhesion. Table 4 summarizes the failure
types and the crack lengths.

3.2. ENF test result

Fig. 12 shows the recorded load—-displacement curves for the ENF
tests. The specimens with the VUV-, Corona-pretreated, and non-
pretreated PEI-PVDF interface show failure at force levels of 1754
to 2329 N. The displacement at crack initiation is between 8 and
12 mm. The failure load of specimens with Peel Ply structured PEI in
the interface is significantly lower with a minimum crack initiation
load at 700 N. CFRP, film adhesive, and PEI specimens show similar
maximum deformation, while PVDF and PEI-PVDF specimens have
higher deformation up to 13 mm.

The calculated G,;, values from the load—displacement curves are
depicted in Fig. 13. The non-pretreated PEI-PVDF interface shows a
mean G;. of 12.4 + 3.4 N/mm. Corona and VUV pretreatment improve
the mean G, value up to 14.1 and 13.5 N/mm respectively, yet the
error bars for the standard deviation overlap. It should be mentioned
that the standard deviation of the G;;. values of Corona pretreated
specimens is at least 2.4 N/mm lower compared to the non-pretreated
and VUV specimens. The Peel Ply approach significantly decreases
the energy release rate under Mode II to 4.6 N/mm. This indicates

stick slip

Fig. 9. Crack surface of VUV pretreated DCB specimen.
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Fig. 12. Force-displacement curves of ENF tests of different interfaces of ENF tests.

that the VUV and Corona methods perform at a comparable level in
terms of failure load and mean G/, value. No substantial advantage is
observed for any of the specific pretreatments, except for the decreased
deviation and thus higher reproducibility for the Corona pretreatment.
The pristine 0.025 mm thick PEI film shows an energy release rate at
the level of the 0.150 mm thick PEI-PVDF Peel Ply prepared specimen.
There is no significant improvement towards the monolithic CFRP. The
pristine PVDF film increases the G, value compared to the CFRP and
film adhesive, however, the value does not differ significantly from the
PEI-PVDF interface. Thus, the investigated PEI-PVDF interfaces as well
as the pristine films do not weaken the CFRP and the film adhesive
under Mode II.

Compared to the G;. value, the mean G,;. value of the non-
pretreated PEI is lower than that of the non-pretreated PEI-PVDF
interface. This could be explained by the influence of the interface
thickness on the energy release rate observed under Mode II. A thicker
interface (PEI-PVDF) tends to a higher cERR [44]. This effect is weaker
for Mode I load case in DCB specimens [45,46]. Another comparison
between the different pretreated PEI-PVDF interfaces proves that the
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cERR in Mode I is more sensitive to adhesion mechanisms than in Mode
II.

Since the G, value of the non-pretreated PEI-PVDF interface is
higher than that of the film adhesive, Mode I may be, despite the
lower amount in the MMR of the CLS specimen, the more critical case
for MDAF as the primary cause of adhesive failure between PEI and
PVDF. Through enhancement of the interfacial adhesion between PEI
and PVDF by VUV treatment, it can be ensured that the MDAF is not the
weakest link in the multifunctional bondline. This hypothesis is based
on the significantly increased G,, values. Future CLS tests with VUV-
pretreated PEI-PVDF interfaces would be required to experimentally
confirm whether the improved interfacial fracture toughness is suffi-
cient to prevent early adhesive failure under the combined Mode I and
Mode II loading conditions present in the CLS configuration.

4. Conclusions

This study investigated the weak adhesion between PEI and PVDF.
In previous implementations, this interface proved to be the weakest
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link in a multifunctional bondline adding strain monitoring and a
disbond arrest feature to the adhesive bond, showing early adhesive
failure. The Mode I and Mode II loads acting on the bondline in a CLS
specimen form the background of the present investigation based on
DCB and ENF tests with VUV-, Corona, and Peel Ply-pretreated PEI-
PVDF interfaces. The G;;. values do not change significantly with the
chosen surface treatment. However, the G, of the interface is higher
than that of the film adhesive. The G;, values for the non-pretreated
PEI-PVDF interface are lower than those of the film adhesive and can
be significantly increased by VUV treatment to be in the range of the
disbond-arresting PVDF. This suggests that the Mode II case contributes
less to the observed adhesion failure between PEI and PVDF in the
CLS specimen. The significantly lower G, value of the non-pretreated
interface may be more likely to contribute to the failure. The fact
that the G;, value can be increased by VUV treatment may prevent
an early failure at the interface between the PEI sensor inlay and the
PVDF disbond arrest in CLS specimens. Future CLS tests with improved
interfaces could prove that the MDAF is not the weakest link in the
multifunctional bondline, preventing the structural bond from early
failure.

The insights gained in this paper regarding the improvement of
the adhesion of the PEI-PVDF interface can significantly enhance the
robustness of the sensor system itself, enabling the detection and local-
ization of crack growth through mechanical strain measurement.
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