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ABSTRACT

A screening test program has been performed féerdiiit hybrid joint configuration investigating
the effect of mechanical fasteners on the cracltjron adhesively bonded CFRP joints subjected to
fatigue loading. The rivetless nut plate joint v8atected as the baseline for this investigatiomrdier
to separately investigate the effect of local r@icément, additional pin configurations were stddie
considering different interfaces between the pid ne hole.

The test results suggest that the fasteners havefluence on an approaching crack. However,
once the crack passes the fastener, it is beimgesladown. The rate of crack speed reduction styongl
depends on the type of fastener. In case of tleless nut plate joint the crack was virtually ateel
10mm behind the fastener.

1 INTRODUCTION

In recent years the application of carbon fibenfiiced plastics (CFRP) has gained increasing
attention in the aerospace and automotive indsstE#ective joining of these CFRP parts is a antr
question during the design process. While metaispar aircraft structures are primarily riveted or
bolted, this approach must be questioned for CFéiRts, Mechanical fasteners usually require
drilling of the joining members, which in the cadeCFRP is accompanied by significant wearout of
the drill, the formation of dust, as well as prolealkelamination damage inside the composite.
Adhesive bonding can be considered a promisingreitive for thin-walled CFRP structures. It avoids
the undesirable cutting of continuous fibers fromflidg and allows a distributed transfer of stress
between the two sheets to be joined.

Despite the many technical advantages of adhesimdilbg over mechanical fastening, aerospace
certification regulations and corresponding meahsampliance do not allow the use of purely
adhesively bonded primary CFRP structures. Insteadpmbination of riveting and bonding (or
shimming) must be used in which the mechanicakfests must be able to carry limit load once the
adhesive bondline has completely failed. Among oipecifications, these main means of compliance
are documented in AC20-107B and result from iniserpremature failure of the adhesive bondline.
[1] [2]

It is the aim of the EU funded FP7 project BOPAQEL) investigate the application of alternative
features, or so-called ‘crack arresting’ mechanjsnthat help arrest the failure of a debonding
adhesive joint. While initial cracks can occur lbcalue to weak bonds or impact damage, these
features shall arrest the crack in a way that épability to withstand the required loads is gfillen.
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It has been shown by many researchers that fatageeng is critical to the integrity of adhesive
joints. Crack propagation in previously damageddiioes can occur already at a small percentage of
the static strength [3] [4] [5] [6] [7]. A dominarfactor influencing the rate at which a crack
propagates under fatigue loading is the mixed-m@d®. Pure mode | and Il ratios have been
respectively investigated using the double cargilddeam (DCB) specimen for peeling mode and the
end-notched flexure (ENF) or end loaded split (EES¢cimens for shear mode loading. The results
suggest that for thermoset based adhesive joietgrick growth rate in pure mode | loading can be
several orders of magnitude faster than in pureenibldading [6] [7].

Real aerospace structures are usually loaded ombination of mode | and mode Il loading.
These realistic loading schemes can be represessiad single lap joints (SLJ), cracked lap shear
(CLS) specimens or a single leg bending (SLB) spens [4] [5] [8] [9]. Due to its long overlap
length, the CLS geometry represents the behavidubomded stringers particularly well, and
consequently has been adopted here for fatiguéest{#].

Improved fatigue life of hybrid joints combining oienical and adhesive bonding have been
demonstrated [8] [10]. In particular it was fourdhtt low shear modulus adhesives allowed a more
effective load distribution between the bondlinel @ime fastener resulting in a retardation of damage
initiation. Furthermore, recent studies [9] suggstt an interlaminar crack propagating within a
composite can be arrested, or at least slowed dowthe vicinity of a fastener. As primary crack
arresting mechanisms, the suppression of peelindensiresses and the elastic influence on the
structure were mentioned.

The present research is aimed at investigatingmifit mechanical features regarding their effect
on arresting cracks propagating in adhesively bdr@leRP joints. The focus lies on the identification
of relevant crack arresting mechanisms, which drable an intelligent application of crack armgpti
features. Due to the local effect of these meclaféatures it has been found essential to medisere
crack front over the width of the test specimen.

2 TEST SPECIMEN DESIGN & CRACK ARRESTING FEATURES

The CLS specimen has been selected to investigatamfluence of crack arresting features (CAF)
on the crack propagation in adhesively bonded Ckdétits. The CLS specimen offers several
advantages over other test geometries; most impbyrté provides a realistic mixed mode ratio
(MMR) which is almost constant over a large sectdthe coupon, giving a similarly constant strain
energy release rate (). For a force controlled constant amplitude fatidpading, with a constant R-
ratio and frequency, the latter results in a caristeack growth. The influence of a CAF can therefo
be directly correlated to the rate at which thekaropagates.

Figure 1 gives a schematic representation of a §ae®imen. Its final design and the location of
the CAF have been selected to meet the followiggirements:

a) Aircraft relevant strain levels and composite staglsequences

b) Sufficient distance to clamping area to avoid baumaffects

c) Sufficient space in front of the CAF to provideiaitial undisturbed crack growth
d) Realistic testing time

e) Limitations due to the testing machine

The base laminate is made of Hexply IM7/8552 UDppeg. A symmetric quasi-isotropic layup
with a stacking sequence of was used, resulting in a laminate
thickness of approximately 2mm. The specimen wadthOmm was restricted by the clamping width
of the testing machine. The unbonded section hi@ngth of 75mm including an initial debonded
length of 15mm. The initial debond was realizedrserting a Teflon foil prior to bonding. The two
composite plates are bonded using the structuhesade Scotch Weld 9323 B/A from 3M resulting in
an effective bond length of 125mm. Additionally4@mm long clamping section is available. In order
to avoid pre-bending and ensure axial loading efghecimen during clamping, a doubler was bonded
to the free end of the single laminate. Finallystalere bonded to the loaded ends to give a goatl loa
introduction to the specimens.
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Figure 1: Schematic drawing and numerical modé¢hefCLS specimen

In a preliminary study the crack growth rate foe thiven configuration was determined for several
load levels with respect to the average strairh@ unbonded laminate of the specimen. Within the
project a strain level of was targeted. The corresponding crack growth reaeever,
was so small that instead a maximum fatigue load () corresponding to approximately
4000 was chosen. The average crack growth rate forldhis level was about 1mm per 1000
cycles

2.1 NUMERICAL SIMULATIONS

Simple numerical simulations were performed to dale and the MMR, and to determine the
length of section where these parameters are aippaitely constant. and MMR are defined as
follows:

(1)

@)

With respect to Figure 1, refers to the peeling mode in the z-direction, andand  refer to
shear modes in the x-z and y-z directions respagtiv

The simulations were performed using Abaqus/Explitihe laminate was modeled with standard
shell elements assigning a linear elastic anisaromterial model. The adhesive was modeled using
standard solid elements with a linear elastic cgotr material model. An offset was used so that the
shell elements represent the adhesive interfacederMl properties for the laminate and shear
modulus of the adhesive were determined by in-héesting. The Young’s modulus of the adhesive
was calculated according Equation 3. All relevauattarial parameters are presented in Table 1 and
Table 2.

R L 3
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Engineering Value Engineering Value
constant constant
r ( 163 L ( 1.3
N ( 9.6 * - 0.3
* - 0.31 N ( 0.5
) ( 5.4
++ 0.125
Table 1: Material properties of Hexply Table 2: Material properties of Scotch-Weld
IM7/8552 9323 B/A

A quasi-isotropic stacking sequence was assigneatizhl to the test specimen. The composite
laminate was connected to the adhesive using arniedface. Furthermore, the Virtual Crack Closure
Technique (VCCT) was used at the interface betweerstrap and the adhesive to extract the applied
strain energy release rate in modes |, Il andByi adjusting the initially bonded nodes of the asihe
in the specimen longitudinal direction the chanfje oand MMR can be tracked.

In order to reduce computational time a symmetai€ model was used. Figure 1 summarizes the
applied boundary conditions where, for better Vigation, the shell elements are displayed withirthe
physical thickness. The load was introduced byna load having a magnitude corresponding to the
maximum applied force during the fatigue test. Tadesd in the experiment were not modelled and the
boundary constraints were applied at the end ofjthugie length of the specimen.

Figure 2 presents the change of and MMR over specimen width, where it can be noled the
center of the specimen () is loaded in mixed modes | and Il with a MMR $9. Closer to the
edge of the specimen an additional mode Il loadingurs, while mode | loading is being reduced.
The total applied strain energy release rate. slightly increases towards the specimen edge. This
behavior can be explained by the edge effect ofsiecimen, resulting in an additional bending
moment around the specimen longitudinal direction.

For simplicity purposes only loading at the ceflitez shall be considered for further examinations.
Figure 2 shows the change in__ and MMR with increasing crack length, while a créakgth equal
to Omm shall correspond to the initial debond duthé Teflon foil.

It was found that loading of the adhesive is almmmistant for a crack length of about 75mm.
About 50mm in front of the clamping area .. reduces while mode Il loading becomes more
dominant. Never-the-less a crack length of 90mncassidered to be within a representative
measuring length.

It must be noted that the values of and MMR depend on the material properties of titeeaive
and the modelling approach selected. For precsatsefurther studies and material characterization
tests are necessary. As the emphasis of this pajper the experimental investigation, the presented
values are considered to be sufficient.
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Figure 2: Plots of changeG and MMR with specimen width (left) and specimendth (right)
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2.2 SPECIMEN MANUFACTURING

In a first step, the 16-ply laminate was manufaiurThe fluoropolymer release film Airtech
WL5200 [11] was applied on both sides of the lar@n® ensure a reproducible surface quality as
shown in Figure 4 . The stack was then cured iawoclave using the autoclave cycle defined in the
manufacturer’s data sheet [12]. An additional piesglate was used to create a plane surface dn bot
sides of the laminate and to reduce its thicknasstion.

Next the laminate was cut into three pieces as showigure 3. These pieces were then cleaned
with isopropanol and the surfaces treated usinggoegsure plasma. A preliminary study on surface
treatment proved that due to application of a s#efail, a significant amount of fluorine remains o
the laminate surface, resulting in a rather lowfesig energy and prohibiting proper bonding of the
adhesive to the adherends. By using low pressasmal in the given configuration, adhesive failure
can be avoided. Table 3 summarizes the parametedsfar plasma treatment. [13]

After surface treatment the plates were adhesibelyded within 2 hours to fully exploit the
benefits of surface activation. As shown in Fig@rghe base plate was therefore placed into a
positioning device. By applying a thin Teflon cahtape at the designated location, an initial ddbon
is ensured in the test specimen. Then, the adhissamplied at the center of the base plate usitoga
bone shape to ensure a proper distribution of diresive in the bondline and to avoid trapped die T
adhesive itself is applied using the manual apptinadevice Sulzer Mixpac DM 200-01 with the
static mixing nozzle EPX-Mixing-Nozzle-200ml.

In order to control bondline thickness two preaisithickness gage strips with a thickness of
0.5mm were placed along the outside length of #sebaminate. Next, the lap laminate was applied
and pre-compacted using an additional thick alumimlate to ensure compressive loads were well
distributed. For final compaction additional weighwere used giving a pressure load of 1lbar. The
procedure was repeated for the doubler and the s&s then placed in an oven and cured for 2hrs at
65°C. For a balanced load distribution at the clasmpd tabs were bonded to the laminate using
A10/B10 structural adhesive from the producer Lafigritter. Finally the test specimens were sawn
using a precision diamond cutter.

2.3 DISCUSSION OF CRACK ARRESTING FEATURES

The capability of a rivetless nut plate joint aCAF was investigated. For this the Cherry®
Rivetless Nut Plate CNP53C3-1-03 designed for caitpaonaterials was used [14].

The rivetless nut plate joint is a mechanical flasteemployed primarily in the aerospace industry.
It requires a hole to be drilled in each adher@mg hole corresponds to the shaft diameter of tite b
and the other corresponds to the outer diametéreafiut plate sleeve. The retainer is then preissed
the associated adherend. A nut is placed into ¢kener in a way that it can float and rotate to a
certain extent, but is prevented from falling deihally, the adherends are joined together by & bol
The corresponding bolt was selected according éoMilitary Standard MS983-11 and has a shaft
diameter of 4.8mm. Figure 5 presents a micro-seaifaan adhesively bonded rivetless nut plate joint
as well as a schematic illustration.

positioning device

adhesive teflon floil

CFRP-plate: strap precision thickness
gage strip

CFRP-plate: lap CFRP-plate: doubler

Figure 3: Manufacturing set-up for adhesive joining
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sealant pressure plate

) Parameter Value
release film fleece vacuum foil :
/ / y Working gas - !
( / y Y A Duration of 10
| \ treatment

# Internal pressure +0 0.1
Volumetric flow 11+ 2+ 50

autoclave table  release film laminate Power inpu t 34 1, 0
Figure 4: Schematic layout of laminate Table 3: Parameters for low pressure plasma
manufacturing surface treatment

Due to expansion of the sleeve inside the holeyitietless nut plate meets NASM25027 torque-
out and push-out requirements. Furthermore, it shesvn that the fatigue life of the parent material
can be enhanced. Finally, the assembly processpsoved because access from only one side is
needed, both adherends can be drilled separatdlynanmufacturing tolerances are accounted for by
the clearance between the bolt and the nut pldfe [1

This combination of a rivetless nut plate jointlwidn adhesively bonded joint is not industrially
used today. The manufacturing process was therdfefeed for this study as follows and should be
considered a laboratory process:

1. Drilling of holes and nut plate installation

2. Sealing of holes by applying tape on the outsidadbferends. Perforation of tape to allow
air to escape

3. Application of adhesive and pre-compaction untiheglve has spread over the entire
bonding area

4. Insertion of bolts

5. Final compaction and tightening of bolt
@ laminate
a) (@) adhesive

(3 bolt/ pin

@ washer
(5) nut plate
/®
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For commonly used rivetless nut plates the sleength is selected to remain inside the adherend.
Working with adhesive joints, however, requiresalwefined bondline thickness. For this reason the
sleeve length was chosen to be 0.5mm longer thamatiherend thickness, equal to the targeted
bondline thickness, as shown in Figure 5. Using #fproach the bolt can be tightened up to the poin
that the sleeve touches the opposing adherend.

From examining the rivetless nut plate joint inu¥ig 5, three principle load transfer mechanisms
can be identified:

1. Bolt-Composite Interface
The hole corresponding to the adherend where noplaté is installed is drilled using a
diameter meeting approximately an h7/H7 clearariceOnce this clearance is overcome
during loading of the structure, due to the relatmovement of both adherends, shear loads
can be transferred. Due to the relatively high noslef the adhesive, this load transfer can
only be achieved once the crack arrives at, ophased, the fastener.

2. Bolt-Sleeve Interface
A clearance of approximately 0.38mm is defined leetwthe bolt and the sleeve of the nut
plate. In order to achieve a shear transfer thrabgtbolt and thereby a load reduction in the
adhesive, bearing load transfer must be providethatbolt-sleeve interface. The micro-
section shown in Figure 5 proves that the manufaxgprocess was designed in a way so that
adhesive flows into the space between bolt andvasle€his can be considered a tight fit
allowing bearing load transfer.

3. Nut Plate/Washer-Composite Interface

Due to the mechanics of the CLS specimen peelingefoopen the joint. The nut-plate, as
well as the washer, touch the composite restrictimgse opening modes. It is therefore
expected that locally the mode | loading of theesile is significantly reduced. Additionally,
shear loads can be transferred through the retamewasher into the bolt.

The crack arresting mechanisms identified abowebeasummarized as follows:
Local reinforcement through the mechanical joird anbsequent reduction of __ acting at
the adhesive
Reduction of mode | loading in the adhesive

The effect of local reinforcement shall be investigl separately in detail. Different configuratiafis
hybrid joints combining adhesive bonding and a gsna mechanical fastener were therefore studied
accounting for the different interfaces discussedtlie adhesively bonded rivetless nut plate joint.
Figure 5 presents a schematic illustration of tilWing configurations.
1. Pin with Clearance Fit
After adhesively bonding two plates, a hole islédlusing the same diameter and tolerance as
for the Bolt-Composite Interface. A pin having ts@me diameter as the bolt shaft is then
installed resulting in an h7/H7 clearance fit. hder to prevent the pin from falling out during
fatigue testing, it is fixed using rubber O-rings both sides. These rings were selected to
ensure that no closing forces are acting which dibel the case if metallic nuts were used.
2. Pin with Press Fit
The specimen is prepared equal to the configurdponwith clearance fit” up to the point of
installation of the pin. In this configuration, thetual diameter of the hole was measured by
using a self-made gauge with a 0.01lmm accuracy.plie were then manufactured with a
diameter 0.01mm wider than the hole diameter. UBngd nitrogen the pins were cooled to
shrink and inserted. Due to the subsequent thezrgalnsion, a press fit was achieved.
3. Adhesively Bonded Pin
With this configuration the bolt-sleeve interfaserépresented. Both plates were drilled using
a diameter equal to the inner diameter of the legstnut plate sleeve. Before bonding, the
holes were sealed by tapes from the outside arfdrptrd to allow air to escape. After an
initial pre-compaction the pins were installed. Asjioning device was used to ensure a
perpendicular and concentric alignment of the pin.
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3 TEST SET UP

The fatigue tests were performed on a 25kN IST csbpdraulic testing machine. Testing
parameters for the force controlled constant anonbditfatigue test were selected as follows:
5 6789: ;$ :toavoid compressive loads and possible buckling
Low frequency< =>
?a@7a "3/ :corresponding to the targeted average strain lgfve in the
unbonded laminate.

Fundamental to investigation of CAF's is measuranoérthe crack front and crack growth over
the specimen width. To achieve this, two measurésysiems shown in Figure 6 were used allowing
in-situ measurements of the crack front.

USB camera microscopesvere installed on both sides of the specimen. &wntng the sides of
the specimen in white and applying a scale tdhi, dpening crack is monitored. The measurement
was done during testing close to the end of a ddfirumber of cycles and afterwards by loading the
specimen with a reduced static load. The advantégeeasuring the crack position during testing is
that a higher maximum load is acting leading toidewopening of the crack. However, the picture
rate was relatively low, thereby reducing the aacyrof the measurement. Measuring the crack at a
lower static load allows pictures to be taken vdthbsequent post-processing for more details. This
worked very well when no CAF was affecting the &rgcowth. However, due to the effect of some
CAFs, mode | loading was reduced resulting in aiced opening of the specimen. Additionally, only
a reduced static load was applied to avoid creghefadhesive. Consequently the actual crack front
was much more difficult to determine.

An automated air-coupled ultrasonic measurement systerwas additionally installed into the
test rig. The technique used was air-coupled wtnad in slanted transmission mode (Figure 6). 207
kHz unfocussed probes (airstar®) were used to gémeand receive the signal. The ultrasound
generator and the stepper control unit are a custade system developed by the University of
Kaunas. Due to the slanted setup of the transdugaided waves were generated in the material.
These waves are sensitive to any changes of theriadgbroperties such as stiffness and thickness.
With this information the crack front propagatingtlween the laminates can be monitored by x-y-
scanning the specimen. In order to avoid ultrasowadsmitting directly through air around the
specimen, special shielding was installed during@sneements. For this reason it is not possible to
perform measurements during cyclic testing. Thesmedble area is slightly smaller than the width of
the specimen due to edge effects and superpositionginal and reflected wave. The lost area is 5
mm wide on each side of the specimen.

The result of an air-coupled ultrasound measurengishown in Figure 6. Areas with higher
amplitude are single and double layered sectionthefspecimen. Areas with low amplitude are
delaminated sections. To determine the crack fthetsignal sequence along the specimen length was
evaluated. The crack length is determined as stantie between the mean values of the signal flanks

clamping
area

ultrasonic
measurement
head

digital
microscope

CLS -

specimen

Figure 6: Test set up; example of measurement wkgil microscope; example of ultrasound
measurement [15] (left to right)
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The actual test procedure was defined iterativBlyrelative low number of cycles were used
initially to determine the crack growth rate foretlgiven specimen, from which subsequent
measurement intervals were selected. Once the apgmloaches the CAF the crack growth rate was in
some cases significantly reduced, hence the measutentervals were increased.

4 TEST RESULTS AND DISCUSSION

A screening test program was defined to providesa ihside into the crack arresting capabilities
of the rivetless nut plate joint. The three hyhaoht configuration presented in Figure 5, combgin
adhesive bonding with a local reinforcement throagiin, were additionally tested to separatelyystud
the effect of local reinforcement within the rivetb nut plate joint.

In total two specimen were tested per configuratidre results are compared to purely adhesively
bonded joints. Figure 7 presents the crack length mespect to the fatigue cycle. The crack length
was measured using two USB camera microscopestbredges of the specimen. The location of the
CAF is included in the graphs to provide a refeeefor the changing crack growth behavior. In Figure
7, the following notations for the curves were uged — rivetless nut platd?C — pin with clearance
fit; BP — bonded pinPP — pin with press fit; Bond — purely bonded.

Figure 8 presents the changing crack front shap gpecimen width as determined with
ultrasonic measurements. For better visualizatien drack front is drawn on a photograph of the
corresponding specimen.

During the test program it was observed, in margesathat crack fronts did not propagate in
parallel. For reasons of clarity, only the mearckriength between the optical measurements on the
left and right hand side of the specimen are ptesein Figure 7.

Finally, the crack growth behavior compared for@AF configurations is also presented in Figure
7. Due to variations of the initial crack growtheaa direct comparison is difficult. It was thenef
decided to present the crack length with respetihéonormalized fatigue cycle. The fatigue cycle is
normalized by the fatigue cycles required to reamcdnack length of 45mm, equal to the location ef th
CAF:

1,1B(
1L1ECGe ror

Based on the test results presented in Figure 7Fande 8 the following observations can be
made:

1. An almost constant crack growth behavior was foumgurely adhesively bonded CLS-
specimen, supporting the initial assumption that made based on numerical simulations.

2. For all four configuration of hybrid joints, theamk growth in front of the CAF was not
influenced by the CAF.

3. Once the crack passes the CAF, it was slowed dawransition zone can be identified which
eventually leads to a crack growth rate slower thannitial one.

4. The magnitude of crack speed reduction strongleddg on the type of configuration:
Therivetless nut plate joint virtually arrests the crack about 10mm behindGiA¢-.
Thepin with press fit also reduced the crack speed significantly. Athertransition zone the
crack propagates on the outside of the specimentdbisteen times slower than in front of
the CAF.
The adhesively bonded pindid not achieve a crack growth reduction as wéseaed with
the pin with press fit; however, it did reduce tnack growth rate by about a 50%.
Thepin with clearance fit showed similar crack arresting capability as tilleesively bonded
pin. A transition zone similar to the other conseptis found and the crack growth was also
reduced by about a factor of two.

1,1EC p 4
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Figure 7: Change of crack length during fatigué tesshybrid joints using different CAF (top-lefb t
bottom right): rivetless nut plate joint; pin withkearance fit; bonded pin; pin with press fit;
comparison of hybrid joints with respectiteeg,

No. of 2.000
Cycles

10.000 10.000
8.000 10.000

20.000 20.000
16.000 15.000

20.000

28.000 40.000 40.000
36.000 25.000

50,000 30.000 50.000
44.000 : 35.000 60.000

60.000 40.000 110.000
52.000
60.000 70.000 45.000 150.000
88'888 20,000 200.000
200.000 100.000 50.000
1.000.000 55.000

Figure 8: Crack front propagation of a hybrid jodoinfigurations using different CAF (left to right)
rivetless nut plate joint; pin with clearance fignded pin; pin with press fit

5. The crack front shape various significantly for tiiéerent hybrid joint configurations.
The pins with press fit resulted in a significant change of crack frorast While the crack
initially developed in a straight line, the cragheed was significantly reduced close to the
center line of the specimen behind the CAF, leattrm curved crack front.
A similar behavior was observed for treghesively bonded pins;however, with an
increasing crack front growth the crack front shbpeame straight again.
Thepins with a clearance fitdid not affect the crack front shape.
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Due to the large size of the retainer, the cracktfclose to the center line of theetless nut
plate joint can unfortunately not be investigated using utinismeasurements.

During testing it was observed that the adhesibelyded pins detached on the inside of the hole;
therefore opening of the specimen during loading nat efficiently suppressed. This is in contrast t
what was observed for the pressed in pin. Herdrittéon forces between the pin and composite were
so high, that locally the opening of the specimes wuppressed. On the other hand the pins installed
with a clearance did also not efficiently supprimsopening mode.

Comparing the results of the rivetless nut platetjoo the different pin configurations, it is
suggested that local reinforcement through thespittion can only partially contribute to the crack
arresting capability. It is felt that the washedadhe retainer have a significant contribution tack
stopping. They increase the load transfer intdotbleand therefore reduce loading of the adhesine a
also effectively prevent the opening modes. Throinyestigation of the influence of pure mode 1
loading reduction these effects can be quantifietiore detail.

5 CONCLUSIONS

The screening test results indicate excellent aiped of the rivetless nut plate joint to arrest
fatigue crack within the adhesive bondline. While track was not influenced when approaching the
CAF, it was slowed down when passing the CAF and wadually stopped at around 10mm behind
the rivetless nut plate joint.

Three hybrid joint configurations using a pin asFC#ere additionally tested, focusing on three
different configurations for the pin-to-compositgdarface. The influence of these CAF configurations
on crack growth in the adhesive layer were foundifiered strongly. In all cases, however, the krac
was not influenced when approaching the pin. Adt&nansition zone, the crack continued to propagate
with a reduced speed. While the pressed in pin slldhve most significant influence on crack growth,
the pin installed with a clearance fit was leafaive.

The results suggest that a tight fit between timegpid the adhesive is necessary for an efficient
reduction of the crack speed. This improves thd koansfer into the pin and also helps suppress the
opening deformation modes.
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