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Abstract

Based on the experience in the past and the occurrence of in-service damages, the authorities restrict today
the application of adhesive bonding of composite structures for aircraft applications. However, certification
limitations can be overcome if occurring disbonds within a bond are stopped by implemented design features,
so called disbond stopping features. Consequently, a novel bondline architecture for bonded composite joints
is proposed. By implementing a distinct rather ductile thermoplastic phase, a physical barrier for growing
disbonds is obtained and thus a fail-safe design, respectively. Moreover, the joint is established by using two
different joining technologies, namely adhesive bonding and thermoset composite welding. A sophisticated
manufacturing technique is developed for the hybrid bondline concept to achieve a high strength joint. The
joint’s quality is examined by means of several analytical methods like microsections, scanning electron mi-
croscopy (SEM), and energy-dispersive X-Ray (EDX) analysis. Additionally, the mechanical performance is

evaluated by static Double Cantilever Beam (DCB) and Single Lap Shear (SLS) tests.

Keywords:
joints

Adhesive bonding, Disbond stopping, Double cantilever beam test, Single lap shear test, CFRP

1. Introduction

1.1. Today’s Usage and Limitations of Bonded Com-
posite Joints

Due to their superior weight to strength ratio, com-
posite materials are increasingly used in aircraft pri-
mary structures. This tendency becomes evident
with the composite usage for Boeings 787 and Air-
bus A350XWB exceeding 50%. The implementation
of more CFRP load-bearing parts demands efficient
solutions in terms of joining technology.

With bolting on the one hand and adhesive bonding
on the other, there are two joining techniques avail-
able for thermoset composites which are the major-
ity of composites used for aeronautical applications.
From a mechanical perspective, adhesive bonding is
the favorable joining technique for several reasons.
Adhesive bonds lead to weight reduction, offer a more

*Corresponding author. fax: +49 531 295 3035.
Email address: thomas.loebel@dlr.de (T. Lobel')

Preprint submitted to Adhesion & Adhesives

uniform load distribution, are capable of joining thin-
walled parts and minimize material weakening. The
presence of fasteners has an noticeable impact on the
part design and could even be a key dimensioning
factor. Thus, fasteners hamper the full lightweight
potentials of composites [1]. Therefore, the develop-
ment of adhesive bonds being capable for certification
is of high interest.

For civil aircraft, bonding of composites is well-
established for various secondary joints. Airbus’
A380 features bonded joints for instance in the rear
pressure bulkhead, the ailerons, the vertical tail
plane and the radome as illustrated in Figure 1 [2].
For the latest aircraft of the Airbus family (Airbus
A350XWB), a large share of stiffeners are (compos-
ite to composite) bonded joints leading to an overall
bondline length of about 5km per aircraft [3].

However, due to certification requirements (see Sec-
tion 1.3) the implementation of bonded joints in air-
craft composite structures is still limited to secondary
joints or combined with so called ”chicken rivets” if
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used for primary joints. Those additional fasteners
have to be capable to carry limit load in case of a
global failure of the bondline [3]. Design benefits that
come along with adhesive bonding do not come into
effect, since fastening elements must be taken into ac-
count for part design. Thus, up to now the potential
of adhesive bonding is not used to its full extent. The
main reasons for this limitation are briefly discussed
below.

1.2. Reasons for Certification Limitations

The manufacturing process of structural bonded
joints is influenced by many factors, e.g.
treatment, adhesive curing cycle, curing conditions
(e.g. pressure and temperature distribution), en-
trapped adherend’s humidity, and many more. Those
factors may affect the long-term durability of the joint
[4]. Judging their impact on the joint’s performance
is complex and still subject of current research and
scientific discussions. Due to the absence of technolo-
gies for testing the quality of a bonded joint to full
extent, a rigorous quality management system is re-
quired.

surface

In addition to manufacturing uncertainties, aging and
fatigue life of bonded composite joints is still chal-
lenging to predict and also influenced by many fac-
tors (e.g. load level, strain rate and environmental
conditions) [5-7]. Thorough investigations of the in-
teraction between those factors and their impact on
the joint’s long-term durability are hampered by the
necessity of cost-consuming and time-consuming ex-
perimental fatigue studies.
damages (e.g. impact events) could hardly be avoided
and may lead to a noticeable decrease of the joint’s
strength [5; §].

Furthermore, in-service

Eventually, all those factors led to a significant scat-
ter in the performance of bonded composite joints in
the past with some working well and some failing af-
ter short time in service [9]. Those experiences have
caused a distrust towards adhesive bonding as joining
technology.

1.3. Certification Requirements of Bonded Composite
Joints

Based on experience in the past and the uncertainties
mentioned above, the authorities, namely the Federal

Aviation Administration (FAA, USA) and the Euro-
pean Aviation Safety Agency (EASA, Europe), spec-
ify two major prerequisites that have to be met to
achieve certification of bonded composite joints for
primary structures [4; 10].

The manufacturing process must be specified, con-
trolled and monitored and has to be carried out in
a pre-defined manufacturing process window regard-
ing influencing parameters. Consequently, influenc-
ing parameters and their tolerable deviations have
to be determined. Despite a rigorous manufacturing
quality management, one of the following methods
has to be established to attain certification [4; 10]:

1. Disbonds greater than a pre-defined maximum
must be prevented by design features. The al-
lowed disbond maximum must be determined by
analysis, test, or both.

2. Proof testing has to be executed for every pro-
duction article to ensure that the joint can with-
stand the desired design loads.

3. The load-bearing capability of each joint must
be determined by repeatable and reliable non-
destructive inspection (NDI) methods.

Proof testing of each production specimen is not de-
sirable in serial production of large composite struc-
tures since testing is very cost-intensive. An NDI
method that sheds light on the strength of adhesive
bonds is currently not available. Porosities or voids
may be detected by established methods like ultra-
sonic scanning or thermography. However, giving ev-
idence that proper adhesion is achieved is not possible
today [11].

In the end, a promising approach is to establish dis-
bond stopping design features. Those must be de-
veloped and incorporated in each bond to prevent
a possible disbond reaching a critical extent. This
initial situation is the major motivation for the de-
velopments that are made in the European project
BOPACS of the Seventh Framework Program (FP7).

Several crack stopping approaches are under investi-
gation within the project like the so called rivetless
nut plates [12], small diameter pins [13] or surface
modifications [14]. Another promising approach is
the hybrid bondline concept which is introduced here.

The denotation disbond and crack are used synony-
mously in this work to describe the joint’s (local) sep-
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Figure 1: Usage of adhesive bonding in the Airbus A380 [2]

aration within the bondline.

2. The Hybrid Bondline Approach

2.1. Working Principle

Many conventional epoxy adhesives for aeronautical
applications are toughness-modified in order to re-
duce undesired brittle behavior that inherently ap-
plies for pure epoxy systems. For instance, rub-
ber particles could be used as toughening material
as proposed by Ranta et al. and Kinloch et al.
[15; 16]. However, adhesive toughening by incorpo-
ration of rubber or thermoplastic particles may leads
to a degradation of stiffness and strength. There-
fore, toughening may be seen as a compromise be-
tween ductile behavior of good nature and stiffness
or strength, respectively. The concept that is intro-
duced here avoids the unfavorable trade-off by a strict
separation of both functions (toughness, and shear
strength and stiffness for load transfer). This separa-
tion is achieved by dividing the bondline into several
areas as shown in Figure 2. In contrast to toughening
modifications, this concept is not an adhesive devel-
opment as the epoxy adhesive remains unmodified.

On the one hand, a conventional high strength struc-
tural adhesive is used in phase I (Figure 2). Due to
its high stiffness compared to phase II, major loads
are carried by phase I. On the other hand, phase II

Il — ductile
hermoplast

crack front

CFRP

| — brittle epoxy
adhesive

Figure 2: Concept introduction: principle alignment of both
adhesives within the bondline for a doubler configuration (e.g.
a stringer to skin joint)

shall be realized by implementation of a pure ther-
moplastic material showing superior ductility by na-
ture. Accordingly, this physical barrier acts as dis-
bond stopping feature within the bondline through
a sharp change of materials. A new crack initiation
would be needed for further crack growth which is
unlikely due to the better fracture mechanical prop-
erties of the thermoplastic material.

Growing cracks are not just slowed down. Growing
cracks shall be fully stopped.

Malkin et al. [17] introduced an analog selective
toughening approach for the sake of damage tolerance
by local incorporation of rubber particles. Growing
cracks were sufficiently arrested after reaching the

toughened area. However, in contrast to the ap-



proach here, toughening was applied between two
laminate plies and not as damage tolerance design
feature within an adhesive bond.

As shown in Figure 3 the disbond stopping feature
(DSF) could be integrated multiple times strip-wise
perpendicular to the major load direction and crack
path, respectively. However, for the sake of simplicity,
the investigations here focus on the implementation of
just one crack stopping element as depicted in Figure
2.

Due to the thermoplast position in areas of low
stresses for the doubler scenario, only minor stress
concentrations are expected at the transition of both
materials (see Section 4.4). Hence, the impact on the
overall bond strength for an intact joint is expected
to be small and tolerable. Furthermore, an enhanced
load distribution is expected if a propagating crack
reaches the area of the more ductile thermoplast. The
position of the ductile material at the (new) overlap
edge correlates to an often proposed design principle
called functionally graded bondline [18] which is also
known as mized-adhesive joint [19]. Thereby, occur-
ring stress peaks at the overlap edge are reduced as a
result of the presence of material with lower stiffness
at the edge and stiffer epoxy adhesive in the cen-
ter as depicted in Figure 4. Consequently, the bond
strength is increased and a new crack initiation is less

likely.

Unloaded adherend part
Ductile adhesive

Rigid adhesive

New overlap edge ~
Disbonded area

Figure 4: Mixed-adhesive configuration in case a crack reaches
the disbond stopping area

The implementation of thermoplast material to get a
functionally graded bondline could by used right from
the beginning for doubler configurations by placing
the tougher material at the overlap edges. However,
this design optimization shall not be the focus of the
work presented here. The main purpose of the tough
thermoplast is to act as distinct crack stopper within
the bondline.

Furthermore, innovation is achieved since the thermo-
plastic area shall be joint by thermoplastic welding.
As the thermoplast is welded within the bondline,
not only a combination of material properties is es-
tablished, but a combination of two different joining
techniques: adhesive bonding and thermoplast weld-
ing. For the weld the so called thermoset composite
welding (TCW) [20] shall be used which is described
in more detail in Section 2.2. Thus, the joint does
not solely rely on adhesive bonding which is accom-
panied with manufacturing uncertainties as discussed
in Section 1.2.

2.2. Manufacturing Concept

The joint manufacturing can be divided into four
steps as shown in Figure 5. First, the thermoplast
strips are put in place before curing of the adherend
parts (Step I). The prepreg curing cycle is conducted
as specified by the material data sheet [21]. A poly-
tetraflouroethylene (PTFE) release film between the
plates surface and the steel tooling ensures a constant
overall surface finish. As a strip of thermoplast is ap-
plied to an uncured prepreg surface and processed in
a prepreg curing cycle, it is incorporated into the ma-
terial during autoclaving. Hence, a plane surface is
created due to the applied pressure (Step II).

Since the thermoplast’s melting point matches the
curing temperature of the CFRP, a strong bond is re-
alized between the thermoplast and the composite’s
matrix system. For a similar approach it is assumed
by Paton et al. [20] that a semi-interpenetrating poly-
mer network is established between both materials,
providing a molecular interlocking. Thereby, long
thermoplastic molecules are entangled with cross-
linked thermoset molecule chains as described by
Deng et al. [22]. A similar approach is described
in Hou’s work [23] where an amorphous thermoplas-
tic film as outermost layer of a thermoset composite
is used to obtain a fusion bonded joint.

The thermoplastic strips are placed on both adherend
surfaces. Thus, the strips face each other when both
parts are joined. For all test specimens (see Section
4) strips of 10 mm in width are used for this process
step.

In a third step (Figure 5), the actual bonding is con-
ducted by placing the epoxy film adhesive on one
adherend with the area of thermoplastic strips left
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Figure 3: Principle alignment of the disbond stopping feature for a doubler configuration (e.g. stringer to skin)

open. Two additional strips of thermoplast with an
overall thickness of 0.25 mm and 7mm width are put
in the area left open. Small adjustment errors of the
strips are acceptable since the strips that are already
placed within the prepreg have a slightly larger width
of 10mm (Figure 5). Therefore, a proper welding of
the inserted strip shall be ensured.

In the final step IV, the adhesive is cured and the
bond is thus established. Both, adhesive curing and
thermoplastic welding are performed simultaneously.
In doing so, all 4 thermoplastic strips are welded
through coalescence of the material. The applied cur-
ing temperature of 180° C and pressure of 3.5 bar en-
sures proper welding at the interface of the thermo-
plastic layers. Pressure and temperature are main-
tained for 2 hours to allow complete polymerization
of the epoxy adhesive.

In contrast to adhesive bonding, welding does not
need surface pretreatment of the adherends. Applied
heat causes the thermoplast to soften, while applied
pressure causes the softened asperities to spread, re-
sulting in a contact area development. The high tem-
peratures at the interphase lead to interdiffusion of
polymer chains, a process referred as healing [24].
Due to the homogenous polymer network, welded
joints do not rely on adhesion at the material inter-
phase.

2.3. Materials

Specimens are manufactured using Hexply 8552 /IM7
unidirectional prepreg material [21] for adherends
and Loctite EA 9695 0.05 PSF K [25] as common high
strength film adhesive for aerospace applications.

The adhesive thickness amounts to 0.2mm for un-
cured conditions.

For the thermoplastic phase a
poly(venylideneflouride) (PVDF) film material
[26] of 0.125mm thickness is chosen due to its
favorable properties. Furthermore, it was shown by
Hou et al. that a good bond between epoxy matrix
resin of composites and PVDF is achievable in a
co-curing process [27] so that good adhesion behavior
could be expected. Fusion of thermoset composites
by implementation of thermoplastic surface layers is
also called fusion bonding of thermoset composites
as described by Deng et al. [22]. Besides its ductile
behavior (elongation at break of more than 50 %),
the thermoplast has a melting temperature below the
adherend’s curing temperature of about 167° C. The
low melting temperature allows the manufacturing
technique that is discussed in the previous Section.

3. Material Characterization of Adhesive Sys-
tems

3.1. Uniazial Tensile Tests

Uniaxial tensile tests according to DIN 527 [28] are
carried out to determine mechanical properties of
both adhesive systems. A set of 7 specimens is man-
ufactured for both systems to allow statistical eval-
uation of the characteristic values derived. An ex-
tensometer is used to obtain tensile strain and trans-
verse contraction information. All tests are carried
out displacement driven with a testing speed of 2 mm
per minute. The results are summarized in Table 1.
The elastic modulus as well as the Poisson’s ratio are
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Figure 5: Manufacturing steps for hybrid (bonded & welded) joint
70
Table 1: Results of uni-axial material tests (averaged values)
60 —Epoxy
----------------------- --- Thermoplast
EA9695 PVDF 50 A ™~

Material property

Young’s modulus [MPa] 2576.8  1716.1
Tensile strength [MPa)] 59.2 51.5
Poisson’s ratio 0.43 0.46

Global elongation at yield [%] | - 6.1
Yield strength[MPa] - 50.7

determined between 0.05% and 0.25 % global strain
as specified by the standard.

As expected, large plastic deformations occur for the
thermoplast PVDF with increasing loads. Since plas-
ticity occurs as a local necking effect, the elonga-
tion at break can only be estimated. However, clear
yielding behavior is observed in the load-displacement
curves (Figure 6). By measuring the irreversible share
of contraction deformation, it can be concluded that
the elongation at break is greater than 50 %. The
suppliers data sheet [26] states that the elongation
at break amounts up to 200 %. Thus, a considerable
ductile material behavior can be assumed.

The epoxy adhesive does not show plastic deforma-
tion. Material yielding by an horizontal course of the
load-displacement curve does not occur.

The typical load-displacement behavior for both ma-
terials is shown by two exemplary curves in Figure 6.
The comparison of the derived data shows that the
thermoplast is about 33 % less stiff than the epoxy.
The tensile strength is only 13 % smaller, though.
Thus, the thermoplast material is capable to carry
a large share of loads in case a crack growths close to
the crack stopping thermoplastic zone.

3.2. Thermal Analysis

Thermogravimetric analysis (TGA) is carried out for
the PVDF material to determine possible volatile
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Figure 6: Load-displacement curve for both materials

components that may cause porosities during process-
ing. The measurement is done between room temper-
ature (20° C) and 200° C with a constant heating rate
of 2K per minute in a nitrogen atmosphere. Relative
mass changes are below 0.01% over the whole temper-
ature range. Thus, outgassing of volatile components
(e.g. water) is not expected.

Differential scanning calorimetry (DSC) is carried out
to determine the melting temperature of the PVDF
material. The measurement is done between -80° C
and 230° C with a heating rate of 10 K per minute.
Melting of the material starts at 152° C and peaks
at 172° C. Thus, welding of the material is feasible
within the epoxy curing cycle.

3.83. Viscosity Measurements

A parallel plate viscometer is used to determine the
dynamic viscosity 7 of both, the epoxy adhesive and
the PVDF as function of temperature between room
temperature (20° C) and 200° C as shown in Figure 7.
The one-component epoxy reaches a minimum value
of 168 Pas at approximately 110° C. At temperatures
above 100° C the incorporated hardener dissolves and
polymerization takes places. As the degree of cure in-
creases, the viscosity consequently increases, too. For



temperatures above 125° C, viscosity measurements
are not feasible anymore due to thermosetting.

The thermoplast in contrast does not melt below
around 160° C. This correlates to the DCS results
that are discussed above. The thermoplast’s mini-
mum viscosity (120.000 Pas) is measured for the high-
est temperature of 200° C. At the temperature of in-
terest (180° C) a value of 290.000 Pas is obtained.
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Figure 7: Dynamic viscosity of EA9695 and PVDF

It can be concluded that during the process (Section
2.2) the two systems are not simultaneously liquid.
Since the PVDEF’s viscosity is rather high compared
to the epoxy, a substantial flow of PVDEF is unlikely.

4. Manufacturing of Test Samples

4.1. Advanced Manufacturing Concept

Recent preliminary tests on the concept revealed
weak adhesion in the vicinity of the thermoplastic
strips [29]. An increase of porosity was observed in
microsections. The fracture pattern was predomi-
nantly adhesion failure in the surrounding area of the
slightly thicker thermoplast after destructive testing.

Although, the thermoplast’s influence on bonding
quality is ambiguous, it is believed to be caused by
an post-curing thickness mismatch. Thickness after
curing amounts to merely 0.13-0.15 mm for the epoxy
due to squeeze out whereas the thermoplast keeps its
thickness (0.25 mm) due to its high viscosity as dis-
cussed in Section 3.3. This difference in thickness
is confirmed by thickness measurements of the cured
samples [29].

Porosities as another possible influence are unlikely
since TGA does not reveal any volatile components

in the PVDF. Mixing of both materials is not ex-
pected as the epoxy is already cured and therefore
solid before the thermoplast starts to melt.

Additional manufacturing trials by using just one
PVDF film between the adherends, which equals the
cured epoxy thickness, led to flow of epoxy in between
the thermoplastic layers which consequently impeded
proper welding.

To overcome the thickness issues, bonding is no longer
done for a whole plate of 200mm in width and cut
to samples afterward. In fact, samples are cut to
their width prior bonding to minimize the flow path
for the rather viscous thermoplast. Preliminary trials
confirm that thickness differences between the PVDF
area and the conventional bonded area are consid-
erably decreased. A visible squeeze out of PVDF
material confirms material flow which reduces the
PVDEF’s thickness. However, a slight difference of
about 0.01 mm to 0.05 mm remains. Higher pressure
during bonding process may be used for larger over-
lap areas to constrain thickness deviations.

4.2. General Manufacturing Details

All test specimens in this study are manufactured us-
ing unidirectional prepreg material. A PTFE release
film between the plates surface and the steel tooling
ensures a constant overall surface finish. Curing of
the prepreg system (180° C, 7bar autoclave cycle) is
done in accordance with the data sheet specifications
[21].

For the preliminary tests [29], grinding was used as
surface preparation of bonding surfaces. This non-
uniform process also influences the adhesion and may
weakens the adherend if fibers within the surface ply
are damaged. Thus, in this study atmospheric pres-
sure plasma is used as standard surface treatment to
activate bonding surfaces and to ensure proper adhe-
sion.

After cleaning with isopropanol, atmospheric pres-
sure plasma is carried out for all test samples using a
Plasmatreat plasma generator (FG5001). Optimized
plasma parameters are applied that were derived in
preliminary surface treatment studies. Thereby, un-
desired adhesion failure is avoided. For intermedi-
ate storage, activated surfaces are protected with alu-
minum foil. The bonding process is performed within
a time frame of 24 hours after treatment to ensure



high quality bonding. As for the prepreg material,
curing of the adhesive (and welding of the thermo-
plast) is done in an autoclave cycle (180° C, 3.5 bar)
to ensure high quality bonding. Process details are
shown in Figure 8 .
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Figure 8: Autoclave bonding process

4.3. Double Cantilever Beam (DCB) Specimens

DCB specimens are manufactured and tested accord-
ing to ISO 25217 test standard [30] for determina-
tion of the resistance to crack propagation under pure
mode I loading conditions. Thus, those tests are suit-
able for a first evaluation of the disbond stopping ca-
pability. The adherends are laid in a uni-directional
manner containing twelve 0°-plies orientated in lon-
gitudinal direction. With a ply thickness of 0.125 mm
the overall adherend thickness amounts to 1.5 mm.

Two types of specimens are manufactured for DCB
tests: 3 purely bonded samples using the epoxy film
adhesive and 6 samples containing both, the PVDF
strip area at a distinct position surrounded by the
conventional film adhesive. The latter give an indi-
cation of the influence of the thermoplastic strip on
a growing disbond. PVDF strips are inserted 65 mm
from the loading point of the piano hinges (Figure 9)
allowing undisturbed crack initiation and propaga-
tion in the epoxy adhesive ahead of the crack stopper
and beyond.

PTFE release film of 60 mm length is inserted at one
site of all DCB specimens to obtain initial delamina-
tion for fracture toughness tests as described in [30].

4.4. Single Lap Shear (SLS) Specimens

SLS tests are conducted in order to investigate the
influence of the thermoplastic strips on the static
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Figure 9: DCB Specimen (dimensions in mm)

strength. Similar to DCB tests, purely bonded sam-
ples, and samples containing both, a welded PVDF
strip and the epoxy adhesive, are manufactured to
determine their static strength. A set of five samples
is manufactured for both configurations.

SLS manufacturing is done in accordance with
ASTM D5868 test standard [31] with an overlap area
of 25mm by 25mm (Figure 10). The adherend
plates consist of 16 plies [0/+45/90/-45/0/445/90/-
45|, leading to a plate thickness of 2mm. The 0°
surface plies in longitudinal direction are chosen to
minimize undesired delamination failure close to the
bondline while testing as described by Baker [1] and
Lin et al. [32].

For samples containing PVDF, the strip is placed cen-
trally in the overlap area. Hence, additional stress
peaks are expected to be of minor impact due to low
stress concentrations in the center of the overlap. In
fact, experimental studies confirm that recessing of
adhesive in the middle of the overlap area does hardly
effect the static strength of the bond [33; 34].

Analytical stress estimations after Volkersen [35] al-
low to determine a reasonable maximum overlap
length [* to minimize local stress peaks within the
adhesive. For an overlap length [ greater than [*, lo-
cal stress concentrations at the overlap edge do not
decrease anymore. The stress peak becomes indepen-
dent of the overlap length. The maximum reasonable
overlap length corresponds to a characteristic bond-
ing number p equal to 5. This number is calculated
as follows:

pz\/awym (1)



The parameters needed for calculating p are the shear
modulus of the adhesive (G, = 900 M Pa) , the ad-
herend’s thickness (¢ = 2mm) and tensile modulus
(E = 67 419 M Pa), the bondline thickness (¢, =
0.15mm), and the adherend’s stiffness ratio W. Since,
both adherends are equal in thickness and stiffness,
W is equal to 1. The tensile modulus of the adherends
is calculated by use of classical laminate plate theory.

The calculated overlap length [* that corresponds to
p = 5 equals to 17 mm. Since the welded PVDF strips
have a width of 7mm, the remaining bonded epoxy
overlap length amounts to 18 mm. Thus, the hybrid
bond and the reference sample should achieve com-
parable strength values assuming that the presence
of PVDF acts similar as a reduction of load-carrying
overlap.

The strength considerations above are based on the
highly simplified theory of Volkersen [35]. Thereby, a
lot of influencing parameters like peel stresses, non-
linear adhesive behavior or shear stiffness of the ad-
herends are neglected. However, the calculations give
a reasonable estimation of the PVDF’s influence on
the bond strength in comparison to reference samples.

thermoplastic barrier

epoxy adhesive
100

Figure 10: SLS Specimen (dimensions in mm)

5. Bondline examinations

5.1. Microsections

The advanced manufacturing process of the disbond
stopping concept is examined (amongst the mechani-
cal performance) by means of microscopic inspection.
A microsection of the transition between bonded
epoxy and welded thermoplast is shown in Figure 11.

The thickness of the adhesive layer only slightly in-
creases in the vicinity of the PVDF from 0.13 mm
to around 0.18 mm. Small porosities occur for some
samples within the welded area. However, the num-
ber of porosities is minor. Moreover, porosities do
not occur anymore within the epoxy as examined for
the first trials in [29].

A resin rich area of the prepreg’s epoxy matrix is
formed at the edge between the thermoplastic surface
ply due to slightly deflected fibers near the surface.
The welded thermoplast strips do not mix with the
epoxy. This was expected since rheological investiga-
tions revealed that both materials are not simultane-
ously liquid. As illustrated in Figure 8, heating from
120° C to the PVDF’s melting temperature of around
170° C takes about 40 minutes. Hence, the epoxy ad-
hesive is almost fully cured before the thermoplast
melts.

5.2. Co-Curing Interphase

The overall performance of the hybrid bondline con-
cept relies on the interphase between the thermoplast
and the composite matrix resin. According to data
sheet specifications [21], the curing cycle includes a
stage of 1 hours at 110° C before the temperature
is increased to 180° C. Thus, it is assumed that the
CFRP matrix resin (8552) and the PVDF are also
(as both adhesive systems) not simultaneously lig-
uid since polymerization and melting temperature are
reached one after another. Nevertheless, preliminary
mechanical test trials revealed good adhesion between
both materials. For this reason, the actual transition
zone is studied in more detail.

Figure 12: SEM image of transition zone
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Figure 11: Microsection of hybrid bondline: transition between epoxy (bright) and thermoplastic DSF (dark)

Occurring interdiffusion of molecules (typically in a
range between 10 and 1000 A), is highly dependent
on molecular weight, structure, temperature, and the
thermodynamic miscibility of the polymers [22].

Scanning electron microscopy (SEM) images indi-
cate a rather narrow transition and no distinct inter-
diffusion zone (Figure 12). Since PVDF is a fluorine-
containing thermoplast, the fluorine content is used
in energy-dispersive X-Ray analysis to study the ma-
terial transition. A change of fluorine content from
about 5% to about 35% is measured within 1pm
by examining the transition zone between 8552 ma-
trix and PVDF as shown in Figure 13. Therefore, an
interdiffusion of large extent can be excluded as ad-
hesion mechanism. A semi-interpenetrating polymer
network in a micrometer range is not detected.

Dohany [36] reported about the polarity of PVDF and
its thermodynamic compatibility with other poly-
mers. In fact, strong dipolar interactions are be-
lieved to make a substantial contribution to the ad-
hesion mechanism since both, the epoxy matrix and
the PVDF possess polar groups.

6. Static Test Results

0.1. DCB Results

The test setup for both static tests (DCB and SLS)
is shown in Figure 14.

For DCB samples, all tests are carried out displace-
ment driven with a testing speed of 2 mm per minute.
Crack growth is recorded by use of a traveling digital
microscope.
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Figure 13: EDX results: Fluorine content [%] at the transition
of both materials (8552 and PVDF)

The tests are carried out in two consecutive steps. In
the pre-cracking stage, the specimens are loaded un-
til a crack movement from the inserted release film is
observed. This step ensures a defined crack tip within
the adhesive itself. Subsequently, the specimens are
re-loaded for adhesive fracture energy (critical strain
energy release rate - SERR) determination as spec-
ified by the standard [30]. Since stick-slip behavior
occurs for some specimens, only the simple beam the-
ory (SBT) method is used for determination of frac-
ture energy values. The critical energy release rate
Gjc is calculated as follows:

GIC’:(

The parameters needed for calculating Gyc are spec-
imen’s width B, specimen’s beam height h, load P at
crack length a and tensile modulus F of the adherend.

4pP?
EB?2

3a?
2

1

7) @)

The SERR for the reference samples is calculated to
an average value of 728.5 .J/m?.



Figure 14: Mechanical test setup. left: DCB test; right: SLS test

The influence of the PVDF phase becomes visible by
plotting applied load versus measured crack length
(Figure 15). Up to a crack length of 45 mm, no in-
fluence becomes evident and the crack growth be-
havior is comparable to the reference samples. Be-
tween crack length values of 55 mm to 65 mm stick-
slip behavior (unstable crack growth) occurs for all
specimens containing PVDF leading to SERR of
613.3 J/m? which is below the reference. However,
when the PVDF-barrier is reached (65 mm) very large
loads are needed to force further crack growth. An
average value of 124.8N (69 % above reference) is
measured before spontaneous overall unstable failure
occurs. By calculating the SERR for this initiation
point of further crack growth, a very large value of
2075.3 .J/m? is obtained.

Both adhesives failed in a cohesive manner for all
specimens tested (Figure 16). Although failing cohe-
sively, the PVDF’s fracture surface looks remarkable
smooth and does not show clearly visible indications
of plastic deformations.

6.2. SLS Results

The purely bonded reference samples show a homo-
geneous course of testing with minor scatter. The
average ultimate load amounts to 14.62kN with a
standard deviation of 6.2 %. In addition, the global
failure strain level is determined to 0.46% by the use
of an extensometer. The load-strain curve is linear
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----Reference specimens
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Figure 15: Load versus crack length a for specimens with and
without Disbond Stopping Feature (DSF)

PVDF

inserted release film

Figure 16: Fracture pattern of DCB sample

throughout the whole test for all specimens. The frac-
ture patterns are characterized by a share of about



Table 2: Results of SLS tests

Material ‘ Strength Std. deviation
Reference 14.62 kN 6.2%
DSF samples 12.14 kN 8.6 %

60-70% of cohesive failure with a simultaneous de-
lamination of the first ply beneath the lap-bond area
(first ply failure) as shown in Figure 17 (left).

PVDF containing samples on the other hand, obtain
an ultimate average failure load of 12.14kN with a
standard deviation of 8.6%. As for the reference
samples, all load-strain curves indicate linear behav-
ior. The fracture pattern reveal cohesive failure for
both, PVDF and the epoxy adhesive (Figure 17). The
global failure strain amounts to 0.4%. A whitish col-
oring of the PVDF indicates plastic material defor-
mation prior failure.

The results are summarized in Table 2.

7. Discussion

The DCB results clearly show the crack stopping ca-
pability of the concept under mode 1 loading condi-
tions. The crack growth is significantly retarded by
presence of the PVDF barrier and shifted to notice-
able higher loads. However, a decrease of the resis-
tance to crack growth is observed for about 10 mm
ahead of the PVDF zone. This might be due to a
slight increase of the adhesive thickness in the vicinity
of the PVDF area. Additionally, stress distribution
ahead of the crack tip might be disturbed due to the
sharp change of materials. Thus, the material change
possibly provoke an additional stress peak within the
adhesive. However, this question could not be fully
answered so far and is going to be investigated in
more detail in subsequent studies of the actual stress
distribution by the use of finite element (FE) analysis.

Since higher loads are needed before failure of the
PVDEF in DCB tests, a plastic deformation of the ma-
terial is assumed. The deformation of the PVDF is
going to be studied in subsequent studies, too. The
smooth fracture surface of the PVDF though indi-
cates a preferred and defined crack path. Thus, the
weld line between the PVDF layers might be a weak
link within the welded area. Using higher tempera-
tures would lead to lower material viscosity. Thereby,
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more flow of material and a better weld quality is ex-
pected.

The SLS results proof that the presence of the PVDF
has only a minor influence on the overall static
strength even if the epoxy overlap area a significantly
reduced. Thus, the improvements in manufacturing
are successful.

Fracture pattern of PVDF-containing samples sug-
gest a higher bleed (squeeze out) of the epoxy. This is
a possible reason of the measurable decreased static
strength. The bleed is caused by the gap between
PVDF and epoxy film. This gap is filled with the
epoxy during curing process (see Figure 11). Addi-
tionally, the ratio of epoxy area to free epoxy edges
decreases for the PVDF-containing samples which
may also lead to an increase of bleed. Thus, negative
influences of bleeding on the overall strength might
decrease for larger bond areas.

Furthermore, the overall bond strength is highly de-
pendent of the local stress peak at the overlap edge
which is may influenced by bondline thickness differ-
ences. The slightly thicker bonding in the vicinity
of the PVDF material may also influence the static
strength of the joint. As for the DCB samples, the
stress distribution within the bondline is going to be
investigated in more detail in subsequent studies.

The analysis of the interphase between matrix resin
and PVDF does not confirm the presence of a diffu-
sion zone. However, the measured strength and the
cohesive fracture pattern in static tests do not indi-
cate weak adhesion. Investigation on the adhesion
mechanism are going to be continued.

8. Conclusions

A novel design concept for stopping growing disbonds
is introduced in this study. The suitability of a pro-
posed combination of materials is studied in detail by
means of analytical methods and static tests. By do-
ing so, a hybrid bondline is achieved containing both,
a conventional epoxy bonding area and a thermoplas-
tic welding area. The manufacturing concept is suc-
cessfully proven. The resistance to crack propagation
is clearly improved as shown by mode 1 DCB tests.
Thus, the concept could be promising step towards
certified bonded joints of primary aircraft structures
as discussed in Section 1.



delaminations

Figure 17: Fracture pattern of SLS samples: left- reference; right- sample with DSF

The adhesion mechanism between epoxy matrix and
thermoplast is going to be studied in more detail in
subsequent studies as well as the stress distribution
of the hybrid bondline by means of FE analysis.

Furthermore, the concept is going to be validated un-
der fatigue loading conditions in ongoing investiga-
tions which allows to study the influence of the dis-
bond stopping feature under more realistic loading
conditions.
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