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Summary

“Mixed-Mode fatigue disbond on metallic bonded joints”

by Daniel Biirger

Aerospace structures have been long dealing with the safety versus weight issue.
Lighter airplanes are cheaper to operate, however, they may face a safety issue be-
cause of the reduced fatigue life. Consequently, a heavier/safer structure is designed.
Adhesive bonding is a joining technique that offers potential for improvement in the
fatigue behavior of a structure, resulting in reduced weight. However, predicting the
fatigue behavior of a bonded joint for its use in a damage tolerance design philosophy
still remains a problem with no satisfactory solution. Often, the joint is subjected to a
combination of peeling and shearing stresses. Hence, one of the most important factors
influencing the fatigue behavior of an adhesively bonded joint is the Mode Ratio.

The objective of this investigation was to study of the Mode Ratio on the fatigue
behavior of a bonded joint. First, the fatigue disbond mechanisms were investigated
throughout the entire Mode Ratio range and compared to fatigue delamination mech-
anisms. After the mechanisms were identified, a parameter related to the mechanisms
was chosen as similitude in the Paris relation and the Mixed-Mode fatigue disbond
model was developed. Later, the model was evaluated on a different adhesive and on a
condition of variable Mode Ratio.

The fatigue disbond mechanisms study identified the local principal stress as the
driving force for the micro-crack formation and growth, and the Mode Ratio was iden-
tified as the controlling parameter for coalescence between the micro-cracks. Based on
these findings, a parameter directly related to the principal stress was proposed as a
similitude parameter. Additionally, a linear interpolation between Mode I and Mode IT
parameters of the Paris relation was proposed to predict the Mixed-Mode fatigue be-
havior. Thus, the model predicts the fatigue behavior for the entire Mode Ratio range
using only pure Mode I and pure Mode II as inputs. The evaluation of this model
revealed that it presents good predictions for Mode Ratios in the range of 0% to 50%
and conservative predictions in the range of 50% to 100%. The model also seems to be
valid in a variable Mode Ratio condition.

The limitations and shortcomings of the model along with the limitations of us-
ing a damage tolerance philosophy on adhesive bonding were discussed. Despite these
issues, the model is an improvement over the models available in the literature be-
cause it captures some of the phenomena involved in the Mixed-Mode fatigue disbond.
Additionally, the model also reduces the amount of empirical data required for its
implementation.
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Samenvatting

“Mixed-Mode vermoeiingsloslating van gelijmde metaalverbindingen”

door Daniel Biirger

Luchtvaartconstructies hebben al lang te maken met de kwestie veiligheid ver-
sus gewicht. Lichtere vliegtuigen zijn goedkoper in het gebruik, maar worden mo-
gelijk geconfronteerd met veiligheidsproblemen door het verkorte vermoeiingsleven.
Als gevolg wordt er een zwaardere / veiligere constructie ontworpen. Lijmen is een
verbindingstechniek die potentieel een verbetering in het vermoeiingsgedrag van een
constructie oplevert, resulterend in een lager gewicht. Echter, de voorspelling van het
vermoeiingsgedrag van een gelijmde verbinding voor het gebruik in een schade tolerantie
ontwerpfilosofie blijf een probleem zonder afdoende oplossing. Vaak is de verbinding
onderhevig aan een combinatie van pel- en schuifspanningen. Aldus is één van de be-
langrijkste factoren die het vermoeiingsgedrag van een gelijmde verbinding bepalen de
mode ratio.

Het doel van dit onderzoek is het bestuderen van het effect van de mode ratio op
het vermoeiingsgedrag van een gelijmde verbinding. Eerst werden vermoeiingsloslat-
ingsmechanismen onderzocht over het gehele mode ratio bereik, en vergeleken met ver-
moeiingsdelaminatiemechanismen. Nadat de mechanismen waren geidentificeerd werd
een parameter gerelateerd aan de mechanismen gekozen als gelijkheidsparameter in
de Paris vergelijking, en werd het mixed-mode vermoeiingsloslatingsmodel ontwikkeld.
Later werd het model geévalueerd op een andere lijm en op de conditie van variabele
mode ratio.

De studie naar de vermoeiingsloslatingsmechanismen identificeerde de lokale
hoofdspanning als de drijvende kracht voor de microscheurformatie en groei en de
mode ratio werd geidentificeerd als de bepalende parameter voor samensmelting tussen
de microscheuren. Gebaseerd op deze bevindingen werd een parameter direct gerela-
teerd aan de hoofdspanning gekozen als een gelijkheidsparameter. Daarnaast werd een
lineaire interpolatie tussen de mode I en mode II parameters van de Paris vergelijking
voorgesteld om het mized-mode vermoeiingsgedrag te voorspellen. Aldus kan het model
het vermoeiingsgedrag voorspellen voor het gehele mode ratio bereik, gebruikmakende
van slechts puur mode I en puur mode II als invoer. De evaluatie van dit model toonde
dat het goede voorspellingen levert voor mode ratios in het bereik van 0% tot 50%
en conservatieve voorspellingen in het bereik van 50% tot 100%. Het model lijkt ook
valide te zijn in het geval van variabele mode ratio.

De beperkingen en tekortkomingen van het model, alsook de beperkingen van het
gebruik van een schade tolerantie filosofie voor gelijmde verbinden zijn besproken. On-
danks deze punten is het model een verbetering ten opzichte van de beschikbare mod-



viii Samenvatting

ellen in de literatuur, omdat het een aantal van de fenomenen vangt die betrokken zijn
bij mized-mode vermoeiingsloslating. Bovendien vermindert het model de hoeveelheid
empirische data die benodigd is voor de implementatie.
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1 Introduction

1.1 Fatigue Failure

Fatigue is a phenomenon where a single load far below the critical strength of a struc-
ture is responsible for a small amount of damage on the structure. The repetition of
this load over a high number of cycles results in the complete failure of the structure
due to damage accumulation [1]. The repeated loads (such as atmospheric turbulence,
take off, landing, maneuvers, etc) acting on an aircraft makes its structure particu-
larly susceptible to fatigue failures. Therefore, fatigue failures are a major concern of
aerospace structural engineers, specially because of the disastrous consequences of a
structural failure, such as the loss of the aircraft and, eventually, the loss of lives.

Fatigue failures on aircrafts may be prevented using three design philosophies: safe
life, fail safe and damage tolerance. In the safe life philosophy, a part is designed to
avoid the development of fatigue failures during its planned life. Afterwards, the part
should be replaced. The fail safe philosophy demands that after the appearance of a
crack the remaining structure must be able the retain the required residual strength
until the repair of the structure, i.e., a part may fail but the structure will still withstand
the loads. The damage tolerance philosophy supposes a damage in the material and
calculates inspections intervals to replace the part before the damage grows to a critical
size.

Until the 1950’s aircrafts were designed using the safe life philosophy. However, using
this design the aircraft parts must be replaced after the designed life, disregarding the
condition of the part. With the increasing prices of aircrafts, this design philosophy has
proved expensive. In the late 1970’s the concept of damage tolerance was introduced.
It allows for a longer use of the parts if coupled with inspections to assure the structural
integrity of the part. Currently, the damage tolerance philosophy is preferred, unless
inspections are not possible or if the crack can grow to a critical size in a short interval.
In such cases, the safe life or the fail safe philosophy are applied.

Fatigue failures are known to initiate at material defects (porosity, inclusions, etc) or
at structural discontinuities, where the defect or discontinuity is responsible for a stress
concentration effect. Material defects can, if larger than a certain size, be avoided
through quality inspection techniques. However, discontinuities are common in the
structure as they are used to join elements, save weight and optimize the structure.
Thus, the discontinuities on structures are considered potential areas for failures and
demand higher attention on design and maintenance.

One of the most fatigue dangerous type of discontinuity on a structure is the one
encountered on joints. Usually, two elements are connected through a mechanical
fastener (rivet or bolt) and this region presents a high stress concentration effect and
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it can severely reduce the fatigue life of the structure.

1.2 Joining Techniques

Currently, the most common joining technique used to connect metallic elements on
an aircraft structure is mechanical fasteners. There are alternatives, such as adhesive
bonding or welding. However, on aircraft primary structures, the majority of the
elements are connected with mechanical fasteners [2].

The use of adhesive bonding can present a good alternative to mechanical fasteners.
The absence of notches and the larger area the load is transfered from one element
to another reduces significantly the stress concentration on the joint. Consequently,
adhesively bonded joints can present a better fatigue behavior (Fig. 1.1).

60 mm
. t=0.8mm In— Adhesive bonded
- |
M: ial: 2024-T3 Alclad
aterial: 20, 3 Alcla 20 20
t=0.8mm [ | 3 rows of rivets

A'S (MPa)

b
BN
N

N \
240 AR
Both Adlesive N
bonding and ~ N\
.. fiveted

160 \\

80

3
<
x

Adesive bonding

Riveted

10* 10° 100 N (cycles) 107

Figure 1.1: Comparison between the S-N curves (R=0.1) of a riveted, bonded and
riveted and bonded joint for similar geometries. Adapted from [3], cited

by [1].

1.2.1 Adhesive bonding limitations

The use of adhesive bonding in metallic primary aircraft structures is still limited. The
limitations come partially from the lack of confidence in the long term behavior of
adhesive bonding and, as consequence, partially from safety regulations.
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Safety regulations do not cite explicitly adhesive bonding on metallic parts [4]. How-
ever, they do cite adhesive bonding on composite parts (FAR 23.573 (a)(5) and Advisory
Circular 20 - 107B - FAA). On this item, the strength of a bonded composite primary
structure must be assured by (i) the maximum disbond length must be limited by de-
sign features, (ii) proof testing each article, or (iii) repeated and reliable non-destructive
inspection techniques must be establish to ensure the joint strength.

The first option proposed would result in the use of mechanical fasteners and, for
design and inspection purposes, the advantages of the bonding process are partially
ignored. For High Load Transfer Joitns, the joint is designed and inspected as if there
is no adhesive bonding. Aircraft manufactures usually adopt this solution (commonly
known as chicken rivets) and benefit from structures with a smoother load path. How-
ever the benefit is limited as the structure is designed and the inspections intervals
are determined disregarding the adhesive bonding. For Low Load Transfer Joints, the
bondline is taken into account on the structural calculation, and the mechanical fas-
teners are used to limit accidental weak bonds.

The second option is impractical as it would require the test of every joint manu-
factured. Last, the third option is the one needed for a damage tolerance design for
bonded joints. Up to date, there is no reliable inspection technique that can assure the
strength of a bonded joint. There are advances in the field, specially using ultrasonic
scan, acoustic emission, infrared thermography, etc. However, the detection of weak
bonds still poses as one of the main challenges for the development of a reliable inspec-
tion technique. Additionally to inspection techniques, the damage tolerance design
requires reliable disbond growth prediction models to determine inspection intervals.
This thesis will focus only on the development of a reliable disbond growth model.

The failure on a bonded joint usually occurs as a consequence of both Mode I (peel-
ing) and Mode II (sliding shear) loads (Fig. 1.2). Mode III (tearing shear) usually does
not happen on joints. The literature present several models attempting to predict the
failure under a combination of Mode I and Mode II - denoted as Mixed-Mode (MM)
- fatigue loads [5]. However, there are still severe limitations to the models available
and the most successful ones, adapted from MM delamination [6, 7], are models that fit
experimental data without any input from the failure mechanisms observed. Therefore,
the use of a damage tolerance design on metallic bonded joints requires the development
of a robust disbond growth prediction model substantiated by failure mechanisms.

Mode Il Mode llI
Mode | . .
(peeling) (sliding (tearing

shear) shear)

Figure 1.2: Crack opening modes.
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1.3 Project Scope

Adhesive bonding has long been considered a potential candidate to substitute mechan-
ical fasteners on aircraft structural metallic joints due to its better fatigue behavior.
However, the lack of robust prediction models capable of predicting the Mixed-Mode
fatigue disbond poses still as one of the obstacles that must be overcome before the
widespread use of adhesive bonding for primary structures. Currently, the best MM
disbond are based just on fitting experimental data, and the literature does not present
any robust model based on the failure mechanisms. As a result,

The research main objective is to develop a damage tolerance model based on
the failure mechanisms to predict Mixed-Mode disbond in a metallic bonded joint.

In order to achieve the research goal, the following steps will be taken:

1. Review about adhesive failure, focusing on MM fatigue loading (Chapter 2).

2. Carry out an experimental study (Chapter 3) to produce a MM fatigue dis-
bond data set and to produce fracture surfaces for posterior failure mechanism
investigation.

3. Analyze the fracture surfaces to identify the MM failure mechanisms and how
they develop at different mode ratios (chapter 4).

4. Develop a damage tolerance model based on the failure mechanisms observed in
the previous Chapter (chapter 5).

5. Evaluate the model on the data set produced and on data sets obtained in the
literature and discuss the implications of the model assumptions (chapter 5).

After the model is developed, it will be evaluated in a joint specimen with a variable
Mode Ratio, in Chapter 6. And, the final conclusions of this work are presented in
Chapter 7.
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2.1 Introduction

Adhesive bonding has long been considered a potential substitute for mechanical fas-
teners on aircraft structural joints [1]. The main advantages of adhesive bonding are
usually: reduced weight, higher fatigue resistance, sealing capabilities, reduced man-
ufacturing costs [2], and, for dissimilar adherents, it avoids galvanic corrosion [3] and
it can reduce thermal stresses [4]. However, the lack of confidence in the long term
response of the adhesive joint still poses limitations to a wider use of adhesive bonding
on aircraft structural joints [5].

2.1.1 Adhesive Joints: life time prediction

Several factors are known to affect the behavior of an adhesive joint over its life time:
manufacturing defects (air entrapment, poor adhesion, poor surface preparation), envi-
ronment (temperature, humidity, chemicals), and loading conditions (mode ratio, static
or fatigue, variable amplitude and stress ratio among others). Coupled with the afore-
mentioned factors is the adhesive itself, as different adhesives can behave differently for
each of the factors.

Manufacturing defects can, to some extent, be prevented using processes and quality
control. However, loading and environment conditions are application requirements and
must be fullfilled. Therefore, the effect of these conditions on the adhesive failure is
the subject of several studies.

Environmental effects

Environmental conditions affect the failure by changing the adhesive properties or by
modifying the adhesive/adherend interface, usually reducing the adhesive service life.

The temperature affects bonded joint in two different ways: thermal stresses and
property change. The thermal stresses arise from different thermal expansion coeffi-
cients and they can diminish the failure load of the bond line [6]. However, the most
relevant effect comes from the change in the mechanical properties. This effect is deeply
connected with the ductility/brittleness of the adhesive. Usually at a lower tempera-
ture the adhesive becomes more brittle and more stiff [7] and at a higher temperature it
becomes more ductile and less stiff [7]. As a result, brittle adhesives are more sensitive
to defects at low temperatures and ductile adhesives have a significant reduction in
their properties at higher temperatures [4, 7, 8].
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Another important environmental condition to be observed is the presence of water.
Water can affect the failure of adhesive joints in two different ways: deterioration of
the bulk adhesive and degradation of the interface [6]. The bulk properties are affected
because of plasticization [9-11], swelling [12, 13], and degradation [11, 14, 15] of the
adhesive. The adhesive/adherend interface is affected as it is usually the faster way
of water to diffuse into the adhesive [4, 8]. Thus, the fracture has a higher chance to
develop on the interface [15, 16].

Last, the remaining environmental conditions are combined into a subject usually
referred to as chemical resistance and it deals with the adhesive response to several fluids
and liquids the adhesive may be in contact with [6]. The most important fluids in the
aerospace industry includes aviation fuel and its additives, de-icing and hydraulic fluid.
Structural epoxies can present a small loss in mechanical properties when exposed to
pure aviation fuel [17] but some of the fuel additives may degrade the adhesive reducing
its durability [17]. Hydraulic fluid has behavior similar to fuel [18], because of their
chemical similarities. The adhesive failure properties are affected by both fuel and
hydraulic fluid due to swelling and plasticization of the adhesive [18]. De-icing fluid
reduces the service life of an adhesive by a similar mechanism but the reduction is
smaller [18].

One must remember, however, that a different combination of adhesive/chemical
can result in different behavior. Additionally, the combination of chemicals with tem-
perature, high stress levels, water or other chemicals can accelerate the degradation
mechanisms due to environmental conditions [6]. As a result, before its use, the adhe-
sive must be tested in conditions similar to the service life.

Loading effects

Similarly to environmental conditions, the loading conditions are project requirements
and they must be fullfilled. In adhesives, if the load is higher than a certain level,
the failure process starts with the nucleation of micro-voids ahead of the crack tip to
accommodate the local stresses [19, 20]. Afterwards, with a increasing load, they grow
and coalesce forming a crack. Under fatigue loading, the main parameters affecting the
failure are the stress ratio (R = 0min/0maz), the Mode Ratio (M R = G11/Gtotal, where
G refers to the Strain Energy Release Rate - SERR) and the load spectra (constant or
variable amplitude).

The effect of R for adhesive bonding depends on the parameter chosen to represent
the load. In metals, the parameter usually adopted is the stress intensity factor range,
which is proportional to the stress amplitude (0maz — Omin). If this parameter is kept
constant, an increase in R will result in a decrease in the fatigue life. However, the
parameters most used to represent disbond grow are Gae and Gmaz — Gmin, Which
are not linearly related to the stress amplitude. The results may seem counter-intuitive
[21], i.e., an increase in R will result in an increase in the fatigue life. However, if the
data is represented with a paramenter similar to stress amplitude is used, the results
are similar to metals [16, 21].

The load spectra refers to the loads the structure will experience in service [22]. For
design purposes, the fatigue damage is obtained in a Constant Amplitude (CA) test and
later adapted with a Variable Amplitude (VA) theory, also supported by experiments.
The Miner-rule is the most common theory to adapt a VA spectrum in CA results. The
Miner-rule adds the contribution of each cycle ignoring any interaction between them
[22]. Based on this rule, a material is said to present damage acceleration or retarda-
tion if the failure occurs faster or slower. Adhesives are reported to present damage
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acceleration in VA spectrum [23-26]. The mechanism proposed for this acceleration is
that an overload induces more damage over an larger area ahead of the crack tip. As a
result, the next cycles will load a weaker material and, thus, produce a larger damage
in comparison with CA load [24].

The MR refers to the deformation mode the load imposes to the adhesive. The
deformation modes are peeling (Mode I), sliding shear (Mode II) and tearing shear
(Mode III). In adhesive joints Mode III load is minimal and it can be ignored [27]. Due
to the adhesive lower resistance to Mode I loading, joint design attempts to minimize
the Mode I component and load the adhesive mainly in Mode II. However, a Mode
I component can be observed in most joints. This results in a Mixed-Mode (MM)
condition for most of joint configurations. Additionally, as the failure process starts and
evolves, the loading conditions over the adhesive can change resulting in a variable MR
during the failure process. The literature presents few MM disbond models. However,
due to the similarity in the failure mechanisms [28], composite delamination models
are often used to predict disbond (e.g. [29-31]). Thus, the next section will present an
overview of the models for disbond and for delamination available in the literature.

2.2 Mixed-Mode models overview

In 2004, Blanco et al [32, 33] did a literature review about MM delamination where they
evaluated MM delamination models [34—41] using MM data available in the literature
[42, 43]. From the models evaluated, the only one using only pure Mode I and Pure
mode II fatigue crack growth data was proposed by Gustafson and Hojo [35] but it had a
poor agreement with the experimental results [33] and its predictions were consistently
non-conservative. The best predictions were obtained by Kardomateas et al [38] and
Kenane and Benzeggagh [39].

Gustafson and Hojo [35] proposed a model where Mode I and Mode II would con-
tribute independently to the total crack growth (Eq. 2.1). The model was evaluated on
unidirectional T300/914 Carbon Graphite/epoxy laminates. Mode I coefficients were
obtained using Double Cantilever Beam (DCB) and Mode II coefficients were obtained
through regression on a Cracked Lap Shear (CLS). The MR on the CLS specimen varied
in the range of 69% to 73%. Later, the authors highlighted the importance of further
tests covering a larger MR range to support the use of Eq. 2.1.

d
ﬁ =Cr.(AG)™ + Cr1.(AG)™!! (2.1)

Kardomateas et al [38] proposed a model to predict delamination under buckling. In
the model, the values of SERR were normalized by the fracture toughness (Eq. 2.2). As
G values may not be available for all MR, the authors suggested the model proposed
by Hutchinson and Suo [44] (Eq. 2.3) to determine it.

e
e=2 (2.2)
Go(MR) = — G1e a= G (2.3)

1+ (A=-1).MR ~ Grre

Thereafter, the MM is accounted for with a linear variation of the coefficients C' and
m in the Paris relation (Eq. 2.4 and 2.5).
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C(MR)=C;+(Cir —Cr).MR (2.4)

m(MR) =mr + (mir —m7).MR (2.5)

The crack growth rate is obtained with:

da AGMME)
aN = C(MR).m (2.6)
The model was evaluated on graphite-epoxy (T50 6k ERL 1939-3) and the buckling
configurations resulted in MR from 63% to 100% (pure Mode II). The authors com-
pared the number of cycles to failure and the results showed good agreement with the
experiments.
Kenane and Benzeggagh [39] developed a semi-empirical criterion to predict C' and
m in the Paris relation for different MR. The criterion is based on a power law and
assumes the form:

m:m[—i—(mn —mI)<Gii;l> (27)
Grr e
In(C) = In(Crr) + [In(Cr) — In(Crr)) <1 - GTotal> (2.8)

Later, the crack growth rate is obtained using:

da m
N C.AG (2.9)
The authors had a complete set of MM data, with a total of eight MR to evaluate
the model. They performed the tests on quasi-unidirectional E-glass fiber/epoxy and
used the DCB test for Mode I, the End-Loaded Split (ELS) for Mode II and the Mixed-
Mode Bending (MMB) test for MM. Instead of evaluating the crack growth rate, the
authors evaluated the predictions for C' and m and the model obtained good agreement
with the experimental values. Despite the good agreement of Kenane and Benzeggagh
model with experiments [32, 39], the imposition of a monotonic variation to the Paris
relation coefficients is a major shortcoming of this model.
After evaluating the MM models, Blanco et al [32, 33] proposed a non-monotonic
model, using a quadratic function, to predict the MM behavior (Eq. 2.10, 2.11 and
2.12).

m(MR) = my +ma. MR+ m3. MR (2.10)

Log(C(MR)) = ¢1 + co. MR + ¢3.MR® (2.11)
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da m(MR)
IN = C(MR).(AG) (2.12)

The authors evaluated the model with data from the literature [42] with good agree-
ment with experiments. Later, the authors evaluated the model in a condition of
variable MR with poor agreement between the predictions and the experimental data
[33].

After the review of Blanco et al [32, 33], some models were proposed to predict MM
fatigue failure [45-48].

Cheuk et al [45] proposed a model where an equivalent SERR range would be used.
The AGeq is defined in eq. 2.13. The authors evaluated the model with in a composite
to metal double lap joint specimen using the adhesive FM-73 to bond boron/epoxy
to aluminum. Only two MR were compared (MR=0% and MR=87%) but the use of
AG.q improved the predictions.

L AGyr (2.13)

Similarly to Cheuk et al, Quaresimin and Ricotta [46] also proposed the use of an
equivalent SERR (Eq. 2.14), after applied to the Paris relation (Eq. 2.15). The model
was evaluated on Single Lap Joints (SLJ) [49] composed of Carbon/epoxy adherends
(Seal Texipreg ® CC206, T300 twill 2 x 2 carbon fiber fabric/ET442 toughened epoxy
matrix) bonded with a two-part epoxy adhesive (9323B/A - 3M) [50]. The SLJ were
manufactured with three different overlap lengths and two different corner geometries.
Using the G4 the authors successfully collapsed the Crack Growth Rate (CGR) data
of the different specimens (different overlap length and different corner geometries).

Geqg =Gr+ MR.Gyr (2.14)
da m
Ty = C(AGe) (2.15)

Carraro et al [47] also proposed a model based on an equivalent G. The authors
observed that in a plot of constant CGR in the AG; — AGys plane, a set of constant
CGR data could be fitted with two straight lines (Fig. 2.1).

Thus, Geq can be defined as:

MR < 50% — AG.q = AG

1 (2.16)
MR > 50% — AGeq = m(SAG] + AG][)

Where s is the slope of the constant CGR line defined in Fig. 2.1. The authors
assume s to be independent of the CGR. As a result, the model assumes the exponents
of the Paris relation for Pure Mode I and Pure Mode II to be equal.

AGr1,0cGR
§=——""———1 2.17
AGr,cer (2.17)
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— constant CGR

.~ MR = 50%

»
AGI

Figure 2.1: Bi-linear model proposed by Carraro et al [47].

da da
dN) = dN> (2.18)
Model Modell

C1.(AGr.oer)™ = Cr1.(AGr1,06R)™" (2.19)

(AGrrcar)™" _ Cr.
(AGr,car)™ Crr

assuming my = mjr =m:

1/m
AGr [ Cr
- (&) 221

Applying Eq. 2.21 in 2.17:

C 1/m

1

= | 5 -1 2.22
(&) 22

The authors evaluated the model using carbon/epoxy adherends (Seal Texi-preg ®
CC206, T300 twill 2 x 2 carbon fiber fabric/ET442 toughened epoxy matrix) bonded
with a two-part epoxy adhesive (9323B/A - 3M). The specimens produced were tested
using the DCB test for pure Mode I, End Notch Flexure (ENF) test for pure Mode II,
and MMB for MM. For MM, the authors evaluated four MR (MR=15%, 36%, 52% and
75%). Using the Geq defined in Eq. 2.16 the authors obtained a collapse in the CGR
for all the MR evaluated.

Later, the authors modified the model to include a parameter related to the principal
stress in the process zone (S) [48]. The authors observed a change in the failure

(2.20)
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mechanisms. If Mode I load dominates, the failure occurs at the interface. Alternatively,
if the Mode II dominates, the failure occurs within the adhesive as a consequence of
the principal stress. Therefore, they postulated that the driving force of fatigue crack
propagation is:

{ MR < MR* — G (2.23)

MR> MR" — S

Where S is defined as the average of the principal stress in the process zone. The
process zone is defined as a rectangle ahead of the crack tip with dimensions of t,dnesive
by 3.tadhesive- The authors obtained the parameter S through FE simulations. They
observed that S is linearly related to v/Giota: and it also depends on the MR (Eq. 2.24).
Observing the fracture mechanisms, the authors defined M R* as 50%, similarly to the
their previous model.

S = k(MR).\/Grotal (2.24)

Later, the authors obtained a parameter equivalent to S written in terms or SERR.
Thus, the final model can be describe as:

MR < 50% — AGeq = AGy

2

k(MR) (2.25)

MR > 50% — AGeq = (AGs + AGyr) %(100%)

This second model was evaluated with data available in the literature [47, 49] and
it successfully collapses the data from different MR.

2.3 Models Discussion

In the models listed in the previous section, only the model proposed by Carraro et al
[48] attempts to introduce a parameter directly related to the failure mechanisms: the
parameter S (Eq. 2.24), related to the principal stress in the process zone. However,
this parameter is used to describe FCG only for MR higher than 50%. Additionally, one
can not obtain the parameter S analytically, for it requires the use of FE simulations.

The majority of the models ignored the failure mechanisms and proposed an equa-
tion based on data analysis to describe the MM FCG. The complexity of the failure
mechanisms [32, 51-54] is the reason why models ignore them.

2.3.1 Paris relation coefficients dependence

Kenane and Benzeggagh adopted a power law to describe the Paris relation coefficients
as a function of MR and, as such, it presents a monotonic behavior. However, Blanco
et al [32] presented data which requires the function to be non-monotonic. Blanco et
al solved this issue by using a quadratic function. However, both models neglect the
strong dependence between the Paris coefficients and the scatter commonly present in
FCG curves which can be part of the reason for coefficients non-monotonic behavior.
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As an example, Hafiz et al presented MM disbond data for 5 MRs (0%, 18%, 42%,
56% and 87%). According to the authors, the Paris relation exponent varied non-
monotonically between 2 and 7 (see Fig. 2.2). However, observing the FCG curves for
the different MRs one can not see such difference in the slope of the points (see Fig.
2.3). This indicates that the curve fitting methodology used to obtain the Paris relation
coefficients may have an influence on the result, likely enhancing the non-monotonic
behavior. A similar behavior can be seen in Blanco et al [32], where the FCG data [43]
presents similar slopes but the values differ considerably (mgy = 5.1, msoy = 6.3 and
mi100% = 44)
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Figure 2.2: Variation of fatigue crack propagation exponent for FM78 adhesive under
different Mode mizities evaluated by Hafiz et al [31].
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Figure 2.3: FCG data against AGiorar evaluated by Hafiz et al [31].
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2.3.2 Simultaneously disbond and delamination

As presented in the previous section, most MM fatigue models were developed for
MM composite delamination and only a few were developed for MM disbond [45-48].
However, the models were evaluated only on composite materials, where the crack can
occur on the bond line or on the adherend itself as delamination. Some researchers have
reported delamination on the layers close to the bond line and difficulties to obtain only
disbond [47, 55].

Most authors considered the failure as either delamination or disbond, disregarding
the differences between both. Cheuk et al [45] bonded boron/epoxy to aluminum and
they reported the crack growing in the epoxy region and not in the adhesive. The typ-
ical fracture surface presented a mix between bare fibers, indicating poor fiber/matrix
adhesion, and matrix. Quaresimin and Ricotta [50] reported the crack eventually os-
cillating between the adhesive/adherend interface and the adherend first layer.

Carraro et al [47, 48] reported delamination growing parallel to the disbond and they
considered the crack tip as the farthest from the disbond and the delamination tip. The
authors disregard the measurements for the CGR if the delamination and the disbond
occurred simultaneously. However, they did include delamination measurements when
the crack moved from the interface (disbond) to the adherend (delamination) on resin
rich areas. In addition, the authors used a compliance model [56] and corrected it
with FE simulations to obtain the SERR. However, they did not include the additional
cracks in the adherends in the FE simulations.

2.3.3 Data analysis problems

Currently, the most used models are Kenane and Benzeggagh [39] and Blanco et al [32].
Both models assume the Paris relation coefficients follow a particular function with the
MR and fit the coefficients to this function. Both models require tests at least three
different MRs, so the function coefficients can be determined.

However, the authors of both models use more than three MRs in the model eval-
uation (Kenane and Benzeggagh used 8 MRs and Blanco et al used 6 MRs). As both
models fit are fitting models, one would expect that the more inputs in the model, the
better they predict. Hence, the good predictions presented by both models.

However, if less points are used to fit the function, the accuracy of the function
to describe the phenomenon becomes more important. When Blanco’s et al model
was evaluated using only three MRs inputs in a condition of variable MR [33], the
agreement between the predictions and the experimental data was poor. This indicates
the quadratic function proposed may not be the best solution.

2.4 Conclusion

Adhesive bonding has the potential to replace mechanical fasteners on the aircraft joints
but the industry still does not have a robust model to predict disbond under fatigue
loading. This chapter presented an overview of MM fatigue delamination/disbond
models. It also discussed the problems associate with the models development and
evaluation.

The main problems observed on the models’ development were the lack of physical
basis of the models and the strong dependency on the Paris relation coefficients, which
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is ignored by the models. Additionally, the models were evaluated on composite ma-
terials with reports of delamination growing parallel to the disbond and/or the failure
oscillating between the bond line and the composite matrix.
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3 Test Results

3.1 Introduction

The development and evaluation of a Mixed-Mode (MM) fatigue disbond model requires
experimental results. The two major expected outcomes from the experiments are
the fracture surfaces and the Fatigue Disbond Growth (FDG) data. The fracture
surfaces will be analyzed in search of failure mechanisms, which will later support the
development of a MM fatigue disbond model. Afterwards, part of the FDG data will
serve as model inputs (namely pure Mode I and pure Mode II data) and part will serve
for model evaluation (MM data).

3.2 Tests review

The disbond study can be done with several test setups, such as T-peel test [1] or float-
ing roller peel test [2]. However, these tests are used to assess the failure load and/or
the failure type (cohesive or interfacial) [3]. Hence, researchers resort to delamination
tests for fatigue disbond growth rate evaluation.

So far, there have been efforts to produce a standard method to evaluate the fatigue
delamination resistance [4-6]. However these efforts are still in an early stage and the
researchers have not reached a consensus yet. As a result, the most used test setups to
asses the delamination growth rate behavior will be briefly addressed.

3.2.1 Model

For Mode I loading, the most important test setups are the (i) Double Cantilever
Beam (DCB) [7-12] and the (ii) Tapered DCB (TDCB) [13-19]. The main difference
between these test setups is how the Strain Energy Release Rate (SERR) changes with
an increasing crack length. On the DCB specimens the SERR depends only on loading
parameters (e.g. force) and on the delamination length, as the other geometric variables
(thickness and width) remain constant. On the TDCB specimens, one can design
the specimen, with a variable width or thickness. Consequently, as the delamination
increases, the SERR changes according to a desired function.

So far, no setup has been standardized for fatigue disbond growth study under
Mode I loading [20]. However, the DCB is already used in the standards for Mode I
interlaminar fracture toughness [21] and Mode I fatigue delamination growth onset [22]
of composites and it is being considered for a fatigue delamination resistance standard
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[5]. As a result, the DCB (Fig. 3.1) test is the preferred for Mode I delamination [20]
and disbond studies.

DCB

Figure 3.1: DCB test setup.

3.2.2 Mode I1

The End Notched Flexure (ENF) (Fig. 3.2) test is the most employed test for Mode 11
fatigue loading [8, 12]. This test relies on the generation of a state of pure shear along
the neutral line of a beam in bending. However, problems such as unstable delamination
growth (for static failure) and friction between the adherends still raise questions about
the results significance. A variation of this test, the four point ENF (Fig. 3.3), can
solve the delamination growth instability but it still requires more knowledge before a
wider use [20].

ENF

Figure 3.2: ENF test setup.

P/2 P/2

4 ENF

Figure 3.3: JENF test setup.

Among the main problems of the ENF test one can cite [6]: (i) the data analysis is
mainly done using beam theory, without correction factors; (ii) the slip of the specimen
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during the fatigue loading due to the asymmetrical bending stiffness of the specimen;
(iii) if a restraining device is used to correct the slip, then it can potentially affect the
results; (iv) the compressive stress the adhesive layer is subjected to might have an
influence on the fatigue behavior; (v) there is still no study evaluating the effect of the
different test parameters on the fatigue behavior.

Additionally to the ENF, the End Loaded Split (ELS), Fig. 3.4, test is also being
considered for a Mode II fatigue delamination resistance standard [6]. However, there
were unexplained differences between the results from the ENF and ELS tests.

ﬁ
w

Figure 3.4: ELS test setup.

ELS

3.2.3 Mixed-Mode

The study of MM loading present more options, such as Mixed-Mode Bending (MMB)
test [12], Cracked Lap Shear (CLS) [8, 9, 23, 24], Compact Tension Shear (CTS) [25],
asymmetric DCB (asymmetric loading or adherends) [11, 24], and Single Lap Joint
(SLJ) [10, 17, 26-30]. Most of these test setups (CLS, asymmetric DCB and SLJ)
present limitations on the Mode Ratio (MR) range that can be evaluated; thus, the
study of the complete MR range requires the MMB (Fig. 3.5) or the CTS. As the MMB
is the standard for MM interlaminar fracture toughness of composite materials [31], it
is also the most used test for MM fatigue delamination studies [20]. Additionally, at a
particular arrangement of the MMB setup, the test is equivalent to a ENF test, i.e., it
can test pure Mode II.
P
y L C l

MMB \

Figure 3.5: MMB test setup.

3.2.4 Selected Tests

As a result of the literature review, the DCB (for pure Mode I) and the MMB (for MM
and pure Mode IT ) were selected as the most suitable test setup to evaluate the fatigue
disbond behavior on a metal-to-metal bonded interface.
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3.3 Experimental Procedure

An experimental study was carried out to characterize the MM fatigue disbond behavior
on metal-to-metal interfaces. The adhesive employed was FM-94.

3.3.1 Description of test series

In order to evaluate the MM fatigue disbond behavior the experiments will be divided
into four sets: (i) pure Mode I and II, (ii) MM - FDG, (iii) MM - fracture surfaces and
(iv) unsupported. The goal of the pure Mode I and II is to provide input values for
the development of a MM fatigue disbond model and to produce fracture surfaces for
the study of the failure mechanisms under pure Mode I and II loading. The objective
of the MM - FDG is to generate data to test and evaluate the MM fatigue disbond
model. The goal of the third set, MM - fracture surfaces, is to produce fracture surfaces
over a wide MR range, so the differences in the failure mechanisms can be observed.
The first three sets of experiments were performed on a supported adhesive. Supported
adhesives are adhesives in a film form that incorporate a carrier. The carrier helps
to avoid thickness deviations on the adhesive after cure and it can also allow for the
adhesive to be easily handle, cut and positioned [32]. In order to assess the potential
influence of the support system on the observed fracture behavior, the last set of tests
compares the behavior of supported and unsupported adhesives. As the majority of
tests refer to supported adhesive, unless clearly stated the supported adhesive should
be assumed. A summary of the sets of experiments performed with their respective
goal, MR, and number of specimens is provided below.

Set of experiments: Pure Mode I and II

Goal: produce FDG data for MM fatigue disbond model input and fracture surfaces
for failure mechanims study.

Mode ratio: 0% and 100%.

Number of specimens:3

Set of experiments: MM - FDG

Goal: produce FDG data to test and evaluate the MM fatigue disbond model
Mode ratio: 25%, 50% and 75%.

Number of specimens:3

Set of experiments: MM - fracture surface

Goal: produce fracture surfaces to study the MM failure mechanisms and support
the development of a MM fatigue disbond model.

Mode ratio: 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%.

Number of specimens:1

Set of experiments: unsupported

Goal: produce FDG data and fracture surfaces to evaluate the effect of the support-
ing system on the MM fatigue disbond behavior.

Mode ratio: 0%, 50% and 100%.

Number of specimens:3
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3.3.2 Test setup and Data Collection

The tests performed were based on the DCB [21] and on the MMB [31] standards (see
Fig. 3.6). The Mode II test was performed at a particular arrangement of the MMB
setup. In the condition where C (lever length) is equal to L/3 (half-span length), the
Mode I contribution is equal to zero; thus, the test is in pure Mode II.

P
P L
4 L C

Figure 3.6: Test details.

Disbond growth was monitored visually by observing the location of the disbond tip
at the side of the specimen. After a certain number of cycles the test was stopped, a
picture was taken and the test was continued. Subsequently, the pictures were analyzed
and the crack tip determined. A thin layer of white paint was added to the side
of the specimen prior to testing to improve the contrast between the specimen and
disbond, aiding in visual detection. The disbond growth rate was calculated using the
Incremental Polynomial Method [33] with seven successive data points and a second
order polynomial equation. After the fatigue test, the specimens were dismantled,
coated with gold and observed in the SEM with magnification from 50x to 10.000x.

A minimum of three specimens was tested in each of the MRs of the pure Mode
I and II, the MM - FDG and the unsupported sets in order to produce reliable Paris
relation coefficients. And only one specimen was tested in the set MM - fracture surface
as this set only intends to produce fracture surfaces for failure mechanisms evaluation.
For this set of tests the fatigue disbond was allowed to grow for 1 cm and then the MR
was changed.

3.3.3 Specimen Geometry and Fabrication Details

Aluminum (2024-T3) adherends, with 6mm thickness were used. The aluminum sheets
were cleaned with acetone, followed by a NaOH bath for 5 minutes, and then Chromic
Acid Anodized (CAA) for 40 minutes at 40°C. After the CAA, the primer BR 127,
supplied by Cytec®), was applied on the aluminum sheets to preserve the surface treat-
ment. Afterwards, the aluminum sheets were stored from 1 to 15 months. According
to the primer and adhesive data sheet [34], primed adherends can be stored for long pe-
riods without degradation of the final bonding. Prior to stacking, a thin film of Teflon
(50mm width and 0.06mm thick) was positioned close to the edge of the metal sheets
to create a initial disbond. The bond plates were prepared with one adhesive layer and
no extra technique, apart from the fabric carrier on the respective set of experiments,
was used to control the thickness.

The adhesive employed was FM-94, supplied by Cytec and it was supplied in a
supported (with a fabric carrier) and unsupported version with a nominal thickness of



26 Test Results

250um. The cure cycle followed the supplier instruction [34] and consists of: heating
up to 120°C at 2°C/min; holding at 120°C for 60 minutes with a pressure of 0.4MPa;
cool down to 30°C at 4°C/min. After cure, the bonded plate was machined in the final
dimensions of the samples in Fig. 3.7. The specimens were stored at 20 - 25°C, relative
humidity of 50-70%, for one to six months before testing and prior to testing the total
sample thickness was measured. Piano hinges were fastened to the adherends for the
specimen loading (see Fig. 3.7).

Teflon
50mm
| ——
g‘ T t=6mm
/h=25mm
[ o/
F—
Initial crack
30mm
2L =300mm

Figure 3.7: Specimen details.

3.3.4 Test details

During fatigue testing, the maximum and minimum displacement were kept constant
to avoid unstable disbond growth. The behaviors of the Gmae vs disbond length in
a fatigue test with constant displacement on a DCB and on a MMB specimen are
depicted in Fig. 3.8 and 3.9, respectively.

The failure on an epoxy occurs as a consequence of the coalescence of micro-cracks
ahead of the crack tip [35]. Consequently, in a fatigue test the previous loads have an
important effect on the failure, as they are responsible for the damage level ahead of the
crack tip. A larger load should impose more damage and damage a larger region ahead
of the crack tip. Thus, if a lower load follows a larger load, it can present a faster disbond
growth rate than expected, as the material is more damaged than expected because
of the previous higher load. This is the basic mechanism for the damage accelerative
load interaction observed on bonded joints under variable amplitude loading [36]. As a
result, on the MMB setup, the test was limited to the region where % >0 (Fig. 3.9).
The same approach was not applied to the DCB test (Fig. 3.8) because of the other
standards based on this test setup [21, 22], which contain correction factors that limit
the error of the test setup.

The load ratio was set as R=0.1 and the frequency was 5 Hz. The fatigue tests were
conducted in the region II of the disbond growth rate, usually described by the Paris
relation or a variant of it. Prior to the fatigue loading, Mode I loading was applied to
increase the disbond length. This procedure guarantees a sharp crack tip and reduces
the influence of the Teflon film.

3.3.5 Data Reduction

For the Mode I data reduction, the three methods (Modified Beam theory, Compli-
ance Calibration and Modified Compliance Calibration) presented in the standard [21]
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Figure 3.8: Gmaz as a function of disbond length for a constant displacement DCB
test.
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Figure 3.9: Gae as a function of disbond length for a constant displacement MMB
test.

showed similar results and the Modified Compliance Calibration Method (Eq. 3.1) was
chosen to reduce the data.

3P2Comp?/?
Gr=——7—
2A1wt

For the MM and Mode II data reduction, the equations proposed (Eq. 3.2 and
3.3) in the standard [31] were used, as they take into account delamination/disbond
length corrections and the lever arm weight. The disbond length correction parameter
x was calculated according to the standard [31], using the properties of the adherend
(Aluminum).

(3.1)

12[P(3C — L) 4+ Py(3C, — L)]?
16w2t3 L2 E

Gr= (a+xt)? (3.2)

9[P(C + L) + Py(Cy + L)]?
16w2t3L2E

Grr = (a+ 0.42xt)? (3.3)
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3.4 Test results

The total average thickness of the samples was 12.2440.03 mm for the supported ad-
hesive and 12.254+0.03 mm for the unsupported adhesive. The fatigue results of the
first (pure Mode I and II), second (MM - FCG), third (MM - fracture surfaces) and
the forth set of tests (unsupported) are presented in Fig. 3.10, 3.11, 3.12 and 3.13,

respectively.
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Figure 3.10: Fatigue disbond growth behavior. Pure Mode I and II.
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Figure 3.11: Fatigue disbond growth behavior. Mixed-Mode - FCG.
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Figure 3.12: Fatigue disbond growth behavior. MM - fracture surfaces set. The num-
bers in the figure indicate the MR.



30 Test Results

10 T T T T LA B

+ 0%
O 50%
x 100% o
(¢}
107k O B
o
o %O x&
9 (égdpo 5
) (s o 2 <
ES [©] O XXX % X
g . o o X
£ 10 0 ® !
% @to o X%
X
S A0 0 s
+ + t o *
-+ X R
S 49)0 x X
++ ° £ X
_7 + e}
10 4o o x x 4
+ x x
+ X>2<
+ T 5 x
+
b
K + 5
4
107° t I I I I I L
200 400 600 1000 2000
2 2
(‘/Gl—max - \/Gl—min) * (‘/G\I—max - \/Gll—min) (Pa.m)

Figure 3.13: Fatigue disbond growth behavior. Unsupported set (unsupported adhe-
sive).

3.5 Paris Relation Coefficients

Similarly to metals, experimental observations suggest that FDG follows a Paris relation
written as a function of the SERR [37]. However, these observations are not supported
by any physical evidence [38]. As a result, a number of modifications to the Paris
relation has been implemented to deal with different problems such as stress ratio,
MR, and others [38].

Particularly for the MM problem, a number of functions have been proposed. The
most used functions are Gpaer and AG = Gpmaz — Gmin [37]. However the Gpaa
formulation ignores the cyclic load amplitude and the AG depends on both cyclic
load amplitude and mean, as demonstrated by [37]. Alternatively, the new definition of
A\/é = (\/Gl—maac _\/Gl—min)2+(\/Gll—maJe _\/Gll—min)2 prOPOSGd by [37] depends
only on the cyclic load amplitude. Thus, the later was chosen for the calculation of the
Paris relation parameters.

3.5.1 Regression Analysis Review

Obtaining the FDG curve for different MR is the first step towards a MM model
evaluation. The second step is to derive the Paris relation coefficients to introduce them
in the model. This procedure is done by supposing a function that fits the experimental
data and varying the parameters of this function to minimize a controlling parameter,
usually the sum of squared errors (least squares - Eq. 3.4 with w; = 1) or the sum of
squared errors multiplied by a factor (weighted least squares - Eq. 3.4) [39].
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S = Zwi[yi — @) (3-4)

Where z; and y; are the experimental points and w; are the weights.

If the function chosen is simple, such as a linear function, this approach yields an
analytical solution. One can differentiate the parameter S with respect to the two
parameters of the function f(z) = fo + S1z and solve the system of equations gTi =0

to find the coefficients 8; correspondent to the minimum value of S:

S=> lyi— (Bo+ prz:))? (3.5)
1=1
% =-2 Z(yi —Bo—pizi) =0
95 s (3.6)
9Br = -2 ;(yz — Bo — Pizi)zi =0

> (yi — o — Przi) =0
{ > (Wi — Bo— Przi)zi =0 (3.7)

{ nfo+ (S )b = Xy 55
Cz:i)Bo + (X 2D)B1 = 3 vz ‘

Thus,

72%2%_”2%% 72%—512%
pr = o) —nS a2 Bo E— (3.9)

However, the Paris relation is a power law. Thus, an analytical solution is not
possible. One can solve this problem by linearizing the function or by using an itera-
tion method to find the coefficients. Commercial spreadsheets softwares (e.g. Excel -
Microsoft, Calc - OpenOffice) linearize the power law function to determine the coeffi-
cients.

fz) =ca™ (3.10)
log(f(x)) = log(c.x™) (3.11)
log(f(x)) = log(c) + m.log(x)) (3.12)

flx)=c +ma (3.13)
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In the sequence, the coefficients ¢’ and m can be easily obtained [39]:

B=1[d m|T=X"X)""(X"Y) (3.14)

Where X and Y are given by the matrices containing the experimental points (z;, y;):

1 x Y1
1 a9 Y2

X=1. . Y =| (3.15)
1 Tn Yn

However, by linearizing the power law function, one would minimize not the sum
of the squared error but the sum of the squared error of the log (Eq. 3.16). This
introduces an artificial weight (Eq. 3.17).

n

S = Z[log(yi) — log(f(x:))]? (3.16)
_ [log(y:) — log(f(:))]?
U T = P (3.17)

If the error (e) is assumed to be proportional to value observed y;, the weight be-
comes:

2
_ llog(y) ~ log(:( + )P _ 1 (Log(1+c) -
' i — yi(1+ €)]? y? e '
As,
lim L2909 _ 4 (3.19)
e—0 (&
lim w; = (3.20)
eli;r(l) Wi = y? ’

Thus, if y; >> y; then w; << wyj, i.e., linearizing the power law function results
in an artificial high weight for the smaller values of y;. One way of solving this issue
is applying a weight to correct this artificial weight. For the power law function, the
most used weight is the factor y;. Then, the parameter which is minimized becomes:

S = ny[log(yi) — log(f(x:))]” (3.21)

And the coefficients ¢} and ¢z can be obtained:

[¢h eo]” = (W.X)T.(W.X) "L (W.X)T.(W.Y)) (3.22)
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Where:
Y1 0 0
0 Y2 0
W=1. . . (3.23)
0 0 ... un

Both methods described above attempt to reduce the distance between the exper-
imental points obtained and the power function. However, Eqs. 3.16 and 3.21 show
that in fact they don’t reduce the distance between the experimental points and the
power function but are an approximation of it.

An alternative to linearize the equation is to use an iteration method to minimize
the least squares [39]. The details of this method are described elsewhere [39]. For the
power law function the algorithm is described below. First the power function (f(x))
and its derivatives with respect to each coefficient (z;(z)) must be defined.

flx) = C(AVG)™ (3.24)
_Of(x) _ m

() = 55" = (AVG) (3.25)

() = %(f) — CAVE)™ In(AVE) (3.26)

Later an initial value for the coefficients is chosen.

g =[c® m°]" (3.27)

And the matrices Z and Resi are calculated:

Z° = : : (3.28)

y1 — f(21)
o |v2— [fla2)
Resi = : : (3.29)
vn — faa)

Thus, we can obtain the matrix 3°

B = (2°".2°) 7. 2°" Resi’ (3.30)

Then, a new set of coefficients is obtained and the process is repeated until conver-
gence.

gl = [ ml]T = [c® mO}T +8° (3.31)
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3.5.2 Coefficients Comparison

The three methods described above were employed to obtain the Paris Relation coeffi-
cients. A summary of the coefficients is presented in tables 3.1, 3.2 and 3.3.

Table 3.1: Fit coefficients for the different fitting methods for the Pure Mode I and I
set of experiments.

0% 100%
C m C m
Linear | 1.51 107 3.20 | 1.14 107 2.83
Weighted | 1.86 10716 3.58 | 5.59 10720 4.33
Iteration | 5.26 10~17 3.78 | 2.23 10~%* 5.81

method

Table 3.2: Fit coefficients for the different fitting methods for the MM - FCG set of
experiments.

25% 50% 75%
C m C m C m
Linear | 2.96 10719 3.44 | 2.16 10717 3.82 | 2.46 1071 4.29
Weighted | 2.12 10715 3.18 | 2.17 10717 3.83 | 455 1071® 3.85
Iteration | 1.57 10717 3.88 | 1.12 1077 3.92 | 2.16 10~'® 3.96

method

Table 3.3: Fit coefficients for the different fitting methods for the unsupported set of
experiments (unsupported adhesive).

0% 50% 100%
C m C m C m
Linear | 32110718 425262102 4.96 | 2.06 10720 4.61
Weighted | 5.99 1072°  4.99 | 7.60 10722 5.57 | 1.24 1077 3.72
Iteration | 1.01 1072 5.60 | 4.03 10726 6.99 | 1.17 10~ 4.03

method

Observing tables 3.1, 3.2 and 3.3, one can notice the large difference between the
values obtained through the different methods. As an example, for the M R = 0% the
maximum difference in the coefficient m is 15%. Even so, the curves obtained with the
three methods describe reasonably well the experimental points (Fig. 3.14).
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Figure 3.14: Fatigue crack growth behavior. Mode I unsupported and the Paris rela-
tion obtained through the different regression methods.

3.6 Predictions with available MM models

This section will present predictions of two MM models for the experimental data
presented. The first model chosen was the one from Gustafson and Hojo [40] modified
to incorporate the correction proposed by Rans et al [37] (eq. 3.32). This model is a
superposition of Mode I and II contributions and as such uses only pure Mode I and
pure Mode II experimental data as input.

d m m
ﬁ = CI~[( VGrmaz — V Glmin)Q} I+ CII'[(\/GIImaz - \/Gflmin)z] " (332)

The second model chosen was Blanco et al [41] (eq. 3.33), currently one of the most
used models. Blanco’s model fits experimental data at different mode ratios. This
model requires at least three MRs to solve the Eq. 3.33.

57;\1] =Cz (Gmaac - Gmln)m
log(cs) = c1 + ca2MR + cs M R? (3.33)

Me = m1 + maMR + msMR?

In Blanco’s model [41], usually, the pure Mode I and pure Mode II coefficients are
the first to be obtained (first set of experiments). Consequently, the model requires
one extra MR as input. The second set of experiments (MM - FDG) contains three
MRs (25%, 50% and 75%), so each MR can have two predictions, one from each of
the remaining MRs. E.g., for MR=25%, the first prediction used as inputs the data
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from MR=0%, 50% and 100%; and the second prediction used as inputs the data from
MR=0%, 75% and 100%.

As, Blanco’s model [41] was developed in terms of AG = Gmaz — Gmin, it requires
a new Paris relation coefficients. The new coefficients, obtained with the iteration
method, are presented in Tab. 3.4.

Table 3.4: Paris relation coefficients for input on Blanco’s model.

MR C m

0% | 252107 4.52
25% | 3.62 1071® 3.98
50% | 2.84 10720  4.67
75% | 6.03 10717 3.33
100% | 2.59 10721 4.65

The coefficients predicted by Blanco’s model are presented in Tab. 3.5.
Table 3.5: Paris relation coefficients output from Blanco’s model. The output from
the model was generated using three inputs, namely: 0%, 100% and one of

the extra MRs available.

Model output

MR evaluated input MRs C m
- 0%-50%-100% | 8.66 10-20 4.62

¢ 0%-75%-100% | 9.62 10-16  3.20

0% 0%-25%-100% | 4.03 10~1% 3.82

¢ 0%-75%-100% | 6.68 10-15  2.79

759, 0%-25%-100% | 2.91 10~ 4.07

¢ 0%-50%-100% | 8.22 10721  4.68

The predictions from both models can be seen on Fig. 3.15, 3.16 and 3.17. From
these figures one can observe that the linear superposition only predicted the MM
behavior accurately for MR=25%. For MR=50% and 75% it predicts disbond growth
rates one order of magnitude slower than the experimental observations.

The predictions from Blanco’s model present a better agreement with the experi-
mental results, specially for MR=25% and 75%. However, the predictions are better if
the extra MR used as input is MR=50% (Fig. 3.15 and 3.17). If the extra MR used
as input is MR=25%, the predictions are non-conservative, specially the prediction for
MR=50%. If the extra MR is MR=75%, the predictions are reasonable, except for the
faster disbond growth region on the prediction for MR=50%.

Altogether, the linear superposition model [40] modified by the correction of [37]
yields poor and non-conservative predictions. And the model of Blanco et al [41]
presents better predictions but often the results are non-conservative.
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Figure 3.15: MM Fatigue disbond growth behavior and the predictions with Blanco’s
[41] and superposition [37] models for MR=25%.
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Figure 3.16: MM Fatigue disbond growth behavior and the predictions with Blanco’s
[41] and superposition [37] models for MR=50%.
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Figure 3.17: MM Fatigue disbond growth behavior and the predictions with Blanco’s
[41] and superposition [37] models for MR=75%.

3.7 Conclusions

This chapter has presented the details of the experimental program carried out to
assess the MM fatigue disbond behavior. From these results, one can conclude that
superimposing pure Mode I and pure Mode II contributions to predict the MM behavior
is not possible and some form of interaction must be taking place. Additionally, the
most used model in the literature [41] to predict MM disbond can yield non-conservative
predictions. As a result, the next chapter will analyze the failure mechanisms of the
MM fatigue disbond to support the development of a new MM fatigue disbond model.
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4  Fatigue Disbond Frac-
ture Mechanisms

4.1 Introduction

The Mixed-Mode (MM) fatigue disbond has been addressed by many researchers [1-6].
However, how the failure process occurs is yet not clear. As discussed in Chapter 3,
the analysis of the failure process can support the development of a more robust MM
model, leading to a model less dependent on experimental inputs.

This chapter investigates the failure mechanisms of fatigue disbond under MM con-
ditions and how these mechanisms change with the Mode Ratio (MR). First, a brief
review of failure mechanisms on composite materials delamination is provided. Later,
these mechanisms are compared with the experimental observations in MM fatigue
disbond and the disbond mechanisms are described.

4.2 Generalized Fracture Description

A failure under cyclic load usually follows the sequence: nucleation of a small crack,
growth of this crack and final failure. For metallic materials, the nucleation consists of
cyclic plastic deformation, i.e., dislocations on the crystalline structure of a material’s
grain. As the micro-cracks extend, they tend to grow perpendicularly to the loading
direction. When the crack reaches a critical size, the final failure occurs [7].

Similarly to metals, an adhesive failure follows the sequence: micro-cracks nucle-
ation, growth and coalescence. However, due to the absence of crystals the dislocation
process does not occur. Instead, the loading process leads to a complex scenario of plas-
tic deformation which includes the stretching, rotation, sliding and disentanglement of
the polymeric chains [8]. Later, the increase in the load level results in the break of
crosslinks (for thermosets such as epoxy) and/or the polymeric chains, creating a craze
[8].

One of the most important differences between metallic and polymeric materials
failure is that several micro-cracks nucleate at the same time and they growth simul-
taneously at different growth rates and directions on polymers [9]. The nucleation of
the micro-cracks is the first step of the failure process. A local tensile state [10] creates
micro-voids ahead of the crack tip [9]. As the load increases, the micro-voids extend
to accommodate the stresses [9] generating micro-cracks. Later, two adjacent micro-
cracks coalesce when they have reached a critical size [9]. If the micro-cracks coalesce
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with the main crack, the result is crack extension.

Due to material inhomogeneities and loading conditions, the micro-cracks can nu-
cleate and grow at different angles, generating different micro-cracks density ahead of
the crack tip. The different ways the micro-cracks nucleate and grow result in several
coalescence modes, which generate the different features observed in the fractographic
analysis. The literature presents few references about the failure mechanisms on a
MM fatigue disbond. Thus, the next section will present a review of similar failure
mechanisms for a later comparison with the disbond failure mechanisms.

4.3 Composite Delamination Review

Fiber reinforced polymer composites are one of the most promising materials for reduc-
ing the structural weight in the aerospace industry [11] and delamination is the most
critical failure mode in composites [12]. As such, there is a vast literature dedicated to
the delamination problem.

A delamination can be described as the failure between two adjacent plies of a lam-
inated material. Thus, the delamination presents similarities to a disbond, as both
deal with the failure of a weaker material (matrix for delamination and adhesive for
disbond) that joins two stiffer materials (fiber layers/adherents). The main differences
between these phenomena are the absence of fibers (and its consequences as fiber bridg-
ing), the thickness of the joining material (usually the adhesive layer is thicker), and
the homogeneity of the joining material (usually the adhesive is uniformly distributed
while the composite can present resin rich and resin poor areas).

The different ways the load can be applied to the matrix can impose the cracks to
open in different ways. The most important kinds of crack opening for joint applications
are Mode I (peeling) and Mode II (sliding shear) [7].

4.3.1 Model

Quasi-static Mode I fracture is by far the most studied case for composite delamination
failures [13]. The Mode I loading results in a tensile load throughout the matrix. This
tensile load produces micro-cracks parallel to (or at small angles from) the fiber layers
plane. The growth of these micro-cracks and their coalescence produce the features
observed in surface fracture analysis. Besides micro-cracks growth and coalescence,
fiber bridging also results in additional features. However, as there is no fibers in
adhesive bonding, all mechanisms and features related to fibers will be ignore in this
review.

The main features observed in Mode I delamination are textured microflow, scarps
and river lines [13-15]. The delamination process starts with the formation of crazes
due to the movement of polymeric chains [8]. Under a high tensile stress state, a
polymer (matrix) develops crazes, resulting in micro-voids formation on the material
(see Fig. 4.1) [13].
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Figure 4.1: Porosity formation during Mode I crack propagation.

The next step of the delamination process is the growth of some of the micro-voids
created. The textured microflow (see Fig. 4.2), also known as feather pattern, results
from this growth. The textured microflow is produced by the local extension of a
micro-crack prior to coalescence [14]. As such, it only indicates the local crack growth
direction [15] and it can not be related to the global crack growth direction.
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Figure 4.2: Textured microflow formation in Mode I (adapted from [14]).

In the sequence of the delamination process, the micro-cracks coalesce generating
different features such as scarps or ribbons. Scarps are created by the junction of
two adjacent cracks on different planes [14], generating a sharp edge. If, however, the
micro-cracks overlap before coalescence they tend to form a ribbon [13].
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Figure 4.3: Coalescence of two adjacent micro-cracks and the formation of scarps or
ribbons.

Finally, the coalescence of several micro-cracks tends to form a series of scarps.
Under some conditions, these scarps can converge forming river lines. The river lines
can be used to determine the global crack growth direction [13, 15], as the failure planes
tend to diminish with global crack extension. Consequently, the direction to where the
river lines converge indicates the global crack growth direction.

Global crack
growth direction

(a) River line formation model, adapted (b) River line example, adapted
from [13]. from [14].

Figure 4.4: River line forms in Mode I as a consequence of the scarps convergence.
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Under fatigue loading, the fracture surfaces present features similar to quasi-static,
the main different being the surface roughness. Fatigue delamination presents a
smoother fracture surface [9, 10, 15-18]. The reason for the smoother surface is not
yet clear. Some researchers [15] suggested that the repetitive contact between the sur-
faces, which happen in stress ratios close to zero, can modify or destroy some features,
resulting in a smoother surface. Other possible explanation is the more efficient crack
path under fatigue loading, also resulting in a smoother surface [10, 15].

4.3.2 Mode 11

Mode II delamination develops in a similar manner to Mode I. The failure process, for
both quasi-static and fatigue loading, starts with the nucleation of micro-cracks ahead
of the crack tip. However, the micro-cracks develop not parallel to the fiber layer plane
but perpendicular to the principal stress [10, 14, 19], i.e., at an angle of 45° from the
fiber layer plane (see Fig. 4.5). As local Mode I loading generates and grows these
micro-cracks, textured microflow can be observed on these regions both in static [13]
or fatigue [20] failure.

=90

—_—

Figure 4.5: Mode II micro-cracks nucleation and growth under local Mode I loading.

In the sequence of the failure process, the tilted micro-cracks growth until they reach
the limits of the shear band, where the stiffer fibers will deflect the micro-cracks and
they will assume an ’S’ shape [14]. Next, the micro-cracks coalesce forming the main
crack. At this stage, the quasi-static coalescence process differs substantially from the
fatigue one. Under quasi-static loading, the micro-cracks coalesce mainly close to one
of the adjacent fiber layer, leaving on this layer a series of scallops [13]. On the opposite
layer, the fracture surface will be covered by cusps (Fig. 4.6). As for fatigue fractures,
the coalescence takes place simultaneously near the two adjacent fiber layers, resulting
in a roll of material detached from the matrix [20], called roller.
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(a) Cusp Model (adapted from [14]) (b) Roller model (adapted from
[20])

Figure 4.6: Roller formation model vs cusp formation model.

Additionally to rollers, Mode II fatigue delamination surfaces can also present stri-
ations [21] and deep striation cracks [17]. However, it is not yet clear if these striations
are directly related to a local crack increment per cycle [20], or if they relate to a sudden
increment after a number of cycles [13].

Another important feature observed as a result of Mode II quasi-static and fatigue
loading is the difference between the fracture surfaces. Usually one of the surfaces
presents bare fibers and the opposite surface presents the fibers imprint. This feature
is a consequence of the resolved stresses in the matrix layer (Fig. 4.5 and 4.7) [10].
The micro-cracks tend to grow in the direction of the global crack, until the fiber layer
deviates the crack and the crack grows in the matrix/fiber vicinity. In an End Notched
Flexure (ENF) test, one of the most common for Mode II studies, the delamination
grows in the vicinity of the compressive (upper) surface. Then, in an ENF test, the
compressive (upper) side presents bare fibers and the tensile (lower) side presents fibers
imprints. The nomenclature compressive/tensile will be adopted in this chapter to
differentiate both fracture surfaces. However, care must be taken as this nomenclature
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is valid for ENF and Mixed-Mode Bending Test (MMB) but not for all Mode II and
MM specimens.

Global crack
growth direction
—_—

——

ALLLLLLLLLL R AR AR AR AR R R RN

s

O

ANNN1N11N111NNNNNNNNNNNNNNN

Figure 4.7: Crack close to the compressive surface.

4.3.3 Mixed-Mode

The fracture under Mixed-Mode (MM) loading conditions is also characterized by the
nucleation and growth of tilted micro-cracks ahead of the crack tip. Similarly to Mode
II, the MM loading nucleates tilted micro-cracks, perpendicular to the maximum prin-
cipal stress [10, 14, 19]. As the Mode II component increases the angle between the
micro-cracks and the fibers plane goes from 0° (at pure Mode I) to 45° (at pure Mode
II).

Under static loading, the high Mode II fracture surface is similar to a pure Mode 11
fracture. As the Mode I component increases, the cusps angle becomes smaller [14, 22]
until they become shallow steps at high mode I [13]. The shallow steps then become
the scarps observed in pure Mode I fracture. This results in the evolution from Mode
IT to Mode I features observed by several researchers [10, 13, 15, 17, 20, 22-24]. The
use of the cusp angle to determine the MR (MR = GIG"’IéII) has been proposed [20]
but experimental observations have shown the possibility of post-fracture rotation of
the cusp invalidating this relation [13].

Under fatigue loading, the literature presents only a few MR, so a comprehensive
analysis is not possible. Still, the MM delamination also exhibits an evolution on the
features from pure Mode I to pure Mode II [10, 13, 15, 17, 20, 22, 25, 26]. Cusps can
be observed at MR = 25%, at MR=50% one can observe rollers not completely formed
and at MR=75% the fracture is already similar to a pure Mode II (MR=100%) [15].

Similarly to pure Mode II, the matching fracture surfaces also present a difference.
The Mode IT component in the MM deviates the crack path towards the compressive
surface in the MMB for both static and fatigue loading [10, 15].
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Figure 4.8: Nucleation and growth of micro-cracks perpendicular to the principal
stress.

4.4 Disbond Growth

4.4.1 Model

Similarly to a Mode I delamination, Mode I fatigue disbond on metallic bonded joints is
also characterized by the growth and coalescence of micro-cracks ahead of the crack tip.
Figure 4.9 shows an example of a fractured surface. One of the most evident feature is
the micro-void density in the adhesive. Later comparison with Mode II fatigue disbond
(see Fig. 4.11(b)) reveals a smaller micro-void density, indicating the high micro-voids
density is not present prior to fracture (as a result of a deficient curing process). Thus,
this feature can be considered a strong Mode I characteristic.

Textured microflow (at a higher magnification) and scarps are also observed in Mode
I disbond (Fig. 4.9). Ribbons were observed but their incidence was rare. River lines
were not observed in any of the Mode I disbond surfaces. One of the probable reasons
for the absence of river lines is related to the adhesive thickness. On composites, the
matrix layer (where the delamination process occur) is usually thinner than a bond
line. As a result, the planes where the micro-cracks develop are closer, resulting in a
series of close micro-cracks coalescing and forming river lines. On the other hand, the
thicker bond line allows for the micro-cracks to develop at farther planes, generating
larger scarps and restraining the occurrence of river lines.

Thus, we can conclude the disbond process occurs following the same sequence as
the delamination process: crazing (resulting in micro-voids), micro-cracks growth (re-
sulting in textured micro-flow) and micro-cracks coalescence (resulting in scarps and
at a smaller degree in ribbons).
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(a) Example of mode I disbond. Verti- (b) Detail of mode I disbond. Horizontal
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Figure 4.9: Mode I disbond surface example. Top right black arrow indicates the global
crack growth direction.

4.4.2 Mode II

Mode II fatigue disbond on metallic bonded joints presents most of the Mode II de-
lamination features, such as rollers, deep striation cracks and the crack path close to
the compressive surface. Figure 4.10 illustrates the difference between the compressive
and the tensile surfaces. In this figure, it is also possible to observe the fabric carrier.
The effect of the carrier on the fatigue disbond behavior was evaluated by the author
[27] and it will be addressed in the appendix A. Rollers and deep striation cracks can
be observed in Fig. 4.11.
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(a) Example of a tensile surface. (b) Example of an compressive surface.

Figure 4.10: Difference between compressive and tensile surfaces of an ENF specimen
(non-matching surfaces). The fracture occurs in the vicinity of the com-
pressive adherend (ENF specimen) resulting in a thick layer of adhesive
in the tensile surface.
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(a) Example of mode II fractography (b) Detail of mode II fractography

Figure 4.11: Ezample of tensile surfaces. Mode II features observed: rollers (white
horizontal arrows), deep striation cracks (white vertical arrows), scallops
(black vertical arrows). The global crack growth direction is indicated by
the top right black arrow.

Observing Fig. 4.10 and 4.11 and comparing the rollers with the rollers formation
model [20] (Fig. 4.6) one can observe the roller thickness in adhesive disbond is much
smaller (smaller than 10pum) than the expected from the model (approximately the
thickness of the shear band, i.e., the bond line thickness, 250pm). Additionally, the
rollers formation model [20] would result in symmetrical surfaces, the only difference
being the presence of rollers on the tensile surface and its absence on the compressive
surface, which is easily disproved by Fig. 4.10. Figures 4.10 and 4.11 indicate the
rollers are formed not in the center of the adhesive layer but close to the expected
crack path (vicinity of the compressive surface). This indicates a stress concentration



4.4. Disbond Growth 53

effect in the crack tip region that moves the nucleation of micro-cracks from the center
of the adhesive layer to the vicinity of the compressive surface.

As a result, a modified mechanism for the roller formation is proposed to account
for the stress concentration effect (Fig. 4.12) [27, 28]. The model also explains the
deep striation cracks formation as the interception of a tilted micro-crack by the global
crack prior to its coalescence into a roller. Adhesive inhomogeneities can cause the
micro-cracks to develop at different speeds. So the micro-cracks that develop faster
will generate rollers; a part of the micro-cracks will be intercepted by the global crack,
generating deep striation cracks; and the slower micro-cracks will likely be hidden under
the fracture surface.

Global crack
growth direction
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Figure 4.12: Roller formation model.

4.4.3 Mixed-Mode

The MM behavior was evaluated from MR=20% to MR=90% in approximately 10%
increments. Similarly to pure Mode II fatigue disbond on metallic bonded joints, the
crack grew close to the compressive surface for all the MR evaluated. As a result, the
tensile surface contains a thick adhesive layer, while the compressive surfaces contains
a thin layer of adhesive (Fig. 4.13). Figure 4.13 also shows the presence of the fabric

carrier, its effects on the MM fatigue disbond behavior [27] will be addressed in appendix
A.
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(a) MR=20% compressive surface (b) MR=40% tensile surface

Figure 4.13: Ezamples of crack path on MM loading on non-matching surfaces. Top
right arrow indicates the global crack growth direction.

Mixed-Mode fatigue delamination at high Mode I is characterized by the presence of
cusps. However, in fatigue disbond, the tilted micro-cracks do not result in cusps but
in tilted layered cracks. At Mode I dominated MRs, the fatigue loading likely nucleates
a large number of micro-cracks. A number of them grow and coalesce forming the
global crack. Meanwhile, some of the micro-cracks grow and do not coalesce into the
global crack but are cut by the global crack generating the tilted layered cracks (Fig.
4.14). Only a few of these micro-cracks are cut by the global crack. As an example, the
distance between two adjacent layered cracks range from 20pm to 200 pm, while the
distance between two adjacent micro-cracks at pure Mode II (the diameter of a roller)
is smaller than 10um (see Fig. 4.11(b)). This feature is observed in MRs up to 60%.

The tilted micro-cracks which grow and coalesce forming the global crack are respon-
sible for the Mode I features observed. One could argue the surface angle could be mea-
sured and the MR deduced from it. Besides the problems of measuring accurately the
surface angle, the natural fracture oscillation, caused by defects and non-homogeneities
in the adhesive, can overlap the fracture angle. As an example, at MR= 60% the
theoretical surface angle is 34° and, in pure Mode I, scarps can present a higher local
angle.

Despite the absence of angle measurements, the presence of the tilted layered cracks
provides extra-evidence to hypothesis that the local principal stress is the driving force
responsible for the micro-crack nucleation and growth [10, 13, 15].
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Figure 4.14: Tilted layered cracks model and examples on non-matching surfaces.

Global Mode I fracture features, such as scarps, can easily be observed in MRs up
to 60% (Fig. 4.15(b)). At MR=70% scarps can still be found but their occurrence
is rare. From MR=80% and up, there is no evidence of a global Mode I failure, only
of local Mode I failure in the scallops (Fig. 4.15(f)). A higher micro-voids density is
also related to global Mode I failure. In Fig. 4.15 one can notice the decrease in the
micro-void density as the MR increases.
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Figure 4.15: FEvolution of MM fracture: increasing amount of Rollers and decreasing
amount of scarps and porosity with an increasing MR.

The tilted micro-cracks can coalesce in MM conditions basically in two ways. Under
dominated Mode I, the top of one crack will link to the bottom of the next crack,
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forming a series of aligned scarps with some layered cracks. Under dominated Mode II,
the top and bottom of one crack will link, respectively, to the top and bottom of the
next, generating rollers (Fig. 4.16).
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(a) Mode I dominated coalescence (b) Mode II dominated coalescence
Figure 4.16: Examples of MM coalescence.

With increasing Mode II, some regions start to present Mode II coalescence. At
MR=50%, the first signs of rollers are visible but they are not completely detached
from the adhesive (Fig. 4.15(a)). At MR=60%, the first rollers completely detached
were observed (Fig. 4.15(b)) but their occurrence was rare and the fracture was still
mainly Mode I dominated. At MR=70%, a considerable number of rollers is already
seen and the fracture starts to resemble a pure Mode II fracture (Fig. 4.15(c)). At
MR=90% (Fig. 4.15(e)) the fracture surface does not present any difference from the
pure Mode II (Fig. 4.15(f)). Therefore, the MR controls the coalescence mode and,
thus, the energy required for crack extension.

These results are in accordance with the literature [15], which presents a fracture
at MR=75% already Mode II dominated but with a fewer rollers than a pure Mode II
fracture. In addition, at MR=50% one can observe only not completely formed rollers
[15].

4.5 Conclusions

This chapter investigated the Mixed-Mode fatigue disbond failure mechanisms on a
metallic bonded joint. The main conclusions obtained are listed below.

e The global crack path is dominated by Mode II loading and even small Mode II
contributions (the minimum MR evaluated was 20%) can drive the crack towards
the compressive surface.

e The failure mechanisms present an evolution from MR=0% (pure Mode
I) to MR=100% (pure Mode II) in the following sequence: presence of
scarps (MR=0%), alignment of scarps and occurrence of tilted layered cracks
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(MR=20%), non-completely detached rollers (MR=50%), first completely de-
tached rollers and end of tilted layered cracks (MR=60%), rarity of scarps and
appearance of a large number of rollers (MR=70%), fracture similar to a pure
Mode II (MR=90%).

e The micro-void density observed in the fracture surface decreases with increasing
Mode II loading.

e The principal stress, which results in local Mode I loading, controls the beginning
of the failure process.

e The MR controls the micro-cracks coalescence mode.

Therefore, the principal stress is the driving force for micro-crack nucleation and
growth under MM fatigue loading and the MR controls the micro-cracks coalescence
mode, i.e., the amount of energy that is consumed for crack extension. Consequently, a
MM fatigue disbond model accounting mainly for these two parameters should be able
to yield good estimates.
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5 Model Development

5.1 Introduction

The experimental results presented in Chap. 3 have shown that the available models
in the literature can not predict accurately the Mixed-Mode (MM) fatigue disbond
based only on pure Mode I and pure Mode II fatigue disbond data. In an attempt to
improve the MM predicitons, Chapter 4 presented a study of the MM fatigue disbond
mechanisms.

This chapter attempts to understand the influence of the disbond mechanisms iden-
tified previously on the macro-crack growth and to develop a new MM fatigue disbond
model that considers these influences.

5.2 Disbond Process

Based on the discussion of the previous chapter (Chap. 4), the disbond can be divided
into three different mechanisms: micro-crack nucleation, micro-crack growth and micro-
crack coalescence. First a local tensile stress state nucleates micro-cracks ahead of the
crack tip, followed by a micro-crack extension to accommodate the stresses, and, when
they reach a critical size, the micro-cracks coalesce.

The previous chapter has shown evidence, in accordance with the literature, that the
two first mechanisms are controlled by the local principal stress, as the micro-cracks
nucleate and grow in an plane inclined with respect to the main crack growth direction.
The coalescence, however, is controlled by the Mode Ratio (MR). The lower the MR
(MR=0 stands for pure Mode I), the more the micro-cracks develop parallel to the
main crack growth direction. The higher the MR (MR=1 stands for pure Mode II), the
more the micro-cracks develop at a 45° angle from the main crack growth direction.

The different coalescence modes (see Fig. 5.1 ) depend directly on the angle the
micro-cracks develop. As the micro-cracks angle is controlled by the MR, the area
created in the coalescence process is a function of the MR. And, thus, the energy
required for coalescence is dominated by the MR. A lower MR implies less area created
for joining two adjacent micro-cracks and thus, less energy required in this process. A
higher MR implies more area created resulting in more energy required in the process.
This explains why the high mode I fatigue disbond occurs at lower load levels than the
high mode II fatigue disbond (see Fig. 3.10).

The coalescence can be divided into two process: the coalescence between two micro-
cracks, which results in a larger micro-crack ahead of the main crack tip; and the
coalescence between a micro-crack and the main crack, which results in an increment of
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Figure 5.1: Different coalescence modes. High Mode II coalescence creates a larger
fracture surface area.

the main crack. The combination of the disbond mechanisms (micro-crack nucleation,
growth and coalescence) implies in a certain number of cycles with no crack increment
(only micro-crack nucleation and growth, and coalescence between micro-cracks) and a
sudden crack increment in a specific cycle (coalescence of a micro-crack with the main
crack). However, for modeling purposes, the micro-cracks ahead of the crack tip are
ignored and an average macro crack increment per cycle is assumed [1-17].

The differences between the modeling assumptions (continuous crack increment per
cycle) and the failure mechanisms explained above could result in an inconsistency
between the experimental results and the model predictions. However, the average
increment per cycle can represent reasonably the global disbond behavior given a suffi-
cient number of cycles. As fatigue is a long term phenomenon, this assumption usually
does not affect the models.

The principal stress has been identified as the driving force of two failure mechanisms
(micro-crack nucleation and growth), thus, it may be a more appropriate parameter to
represent the fatigue crack growth data. Stress calculation in a layered material poses
more complications than in an isotropic material. Thereby, an alternative solution is
to represent the stress as a function of Strain Energy Release Rate (SERR).

5.3 Principal stress calculation

In order to calculate the principle stress at the crack tip one can first approximate the
stress field in the adhesive layer to the stress field in a plate with a crack, calculated
by the Westergaard method. Later, with the stress field at the crack tip (o4, oy and
Txzy), the principal stress can be obtained using the Mohr’s circle.

The stress field on the crack tip is calculated assuming an infinite sheet subjected
to a constant load. Thus, applying equations derived with these assumptions to a
disbond phenomenon can present some limitations. Specially in the presence of Mode II
loading, the crack does not grow in the center of the adhesive, what would present more
similarities with the infinite sheet assumption. Under Mode II loading, the crack grows
close to the compressive adherent, where the adherent’s higher stiffness is responsible
for deflecting the crack. However, at a micro-level, there is evidence that the adherent
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does not affect the micro-crack nucleation and growth mechanisms (see Chap. 4).

The constant load assumption this infinite sheet is subjected to should not present
further implications in a fatigue problem. During fatigue crack growth, at a constant
displacement, the crack increment should result in a load decrease. However, the crack
increment on one cycle is usually small (fatigue is a long term phenomenon) and so the
load decrease is usually small.

The stress field calculated with the Westergaard method for a material with a crack
under Mode I loading is given by [18]:

Oy = I;Irr cosg [1 — singsin%e] + 0z0 + O(Tl/Q) (5.1)
K 0[ .6 . 360 1/2
oy = cos— |1+ smfsm—} + O(r 5.2
_ K] . 9 9 39 1/2
Tay = SNy o505 +0O(r’7) (5.3)

and under Mode II loading;:

Oz = — j{%smg [2 + cos%cos% + 020 + 0(7’1/2) (5-4)
oy = Kt Sin—cos—-cos— + O(TI/Q) (5:5)

T I R AR
sz—\/%COSZ[I sm2sm2]+0(r ) (5.6)

Where 6 and r are shown in Fig. 5.2.
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Figure 5.2: Stress components in the crack tip stress field.

Thus, considering no stress parallel to the crack (o, = 0) and no terms of the order
of square root of 7 (O(r'/?) = 0), the stresses can be described as:
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oy = Ky cosg [1 + singsin%] + K11 singcosgcosg— (5.7)
v E o 002 2573 e 202 2 .
Toy = \/%sin%cos%cos% + };;ACOSS [1 — sm%sm%} (5.8)

The micro-cracks tend to develop in a region close to the crack tip plane, where
0 — 0. Then, Eqgs. 5.7 and 5.8 can be re-written as:

oy = K (5.9)
27r

oy = K (5.10)
2rr

Similarly to the calculation of stresses, the calculation of stress intensity factors (K7
and Kyr) in a layered material can present mathematical complexities. Therefore, the
concept of Strain Energy Release Rate can be used to overcome this hindrance.

A structure stores potential energy in the form of elastic strain when loaded (Eq.
5.11). If the structure has a cracked area (A) and this crack extends by a small incre-
ment (dA), the structure stiffness diminishes resulting in less stored energy. The rate
at which the energy stored diminishes (Fig. 5.3) for a crack increment is called SERR
and denoted by G (Eq. 5.12).

A
p A

A+AA
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87

Figure 5.3: Strain energy loss resulting from crack increment.
1
U= §P6 (5.11)

(5.12)
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Where: P is the load, ¢ is the displacement at the loading point, A is the crack
area and C' = §/P is the compliance of the structure. If the energy is absorbed only
to create new surfaces, then this variable can be related to crack growth. If there are
other mechanisms absorbing a large amount of energy, e.g. plasticity, this concept may
not hold true.

Particularly to the disbond phenomenon, the use of SERR results in the requirement
of no plastic deformation in the adherend. Small scale yielding on the adhesive, however,
can not be avoided. But the amount of energy employed of adhesive yielding is much
smaller compared to the energy employed for crack extension. Additionally, it can
be argued that the small scale yielding is a stage of the failure mechanism, and thus,
should be included in the energy required for failure.

The SERR can be related to the stress intensity factor through [18]:

G = K}/E*
« 5.13
G = Ki/E (5:13)
Where
E* = FE (plane stress)
or (5.14)

E* = E/(1 — v?) (plane strain)

Therefore, the stresses can be expressed as:

_ o VE _
Oy = \/CTI\/T? =VG1.B (5.15)

VE
V2rr

Once the stresses on the crack tip are available the Mohr’s circle can be used to obtain
the principal stress. The Mohr’s circle is a geometrical method to easily calculate the
stresses in any plane given the stresses on a particular plane [19]. For the disbond case
(o2 = 0) the circle is represented in Fig. 5.4. According to this method, the angle of
the principal stress and the principal stress are given by:

Tey = VGII =VGi.p (5.16)

1 27,
o= 7atan(#) (5.17)
2 Oy — Oz
ol = 9z T 0y ; Ty + radius (5.18)
Where,

radius = \/(sz)2 + (Lj ; UZ)Q (5.19)

As a result, applying Eqgs. 5.15 and 5.16 on Eqgs. 5.17 and 5.18 one can obtain:

a= 1az‘/an (5.20)
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Txy

=Txy

Figure 5.4: Mohr’s circle for o, = 0.

ﬁ—+ﬁ\/G11+9 (5.21)

Equations 5.20 and 5.21 assume 6 = 0 (see Fig.5.2). For a pure Mode I loading,
this assumption is reasonable as the crack should develop in the region of § — 0. If,
however, there is a Mode II component, the micro-cracks should grow in an angle and,
therefore, 6 # 0.

If this assumption is ignored the principal stress and the principal stress angle are
functions of € and they can be obtained by substituting Egs. 5.7 and 5.8 on Egs. 5.17
and 5.18.

Figures 5.5 and 5.6, show the effect of the angle 6 on the angle of the principal stress
(«) and on the principal stress (o1). As can be seen in both figures, the influence of 0
depends on the MR. The effect of 8 on « is limited and in most cases inferior to 10°.
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Figure 5.5: Effect of the angle 0 on the principal stress angle (o). The dotted line
represents the expected value of o for 6 = 0.

The effect of # on o1 can be significant. Particularly for § > 30° and for 6 < —20°
the error can be higher than 20% (Fig. 5.6). However, these higher angles do not occur
on the nucleation and micro-crack growth phase, only at the coalescence phase (see

Fig. 5.7). Thus, the errors caused by the assumption of # = 0 are limited.
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Coalescence zone

=0)

09

%1/% 6.

081 -

0.7

06

Nucleation and
growth zone

Coalescence zone

05 I I I

Figure 5.6: Effect of the angle 6 on the principal stress (o1 ).
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Figure 5.7: Analysis of 6 on the nucleation and growth zone and on the coalescence
zone.

Thus, with the principal stress described as a function of G and Gyr, a Mode I
SERR in the principal stress direction can be written as:

vie G
21 + TI‘FGII

VG =

B (5.22)

As the Paris relation is represented as

;T(if = O (VO oz = VGimin)’) = C(AVED™ (5.23)

If an equivalent Mode I SERR in the principal stress direction is defined as:

VG G
VGieq= L4 e (5.24)

2 4

The Paris relation can be represented as:

dd% = O'((\/Gl,eq,mtms - \/Gl,eq,min)Q)m = C(A\/@)m (525)

where:

Figure 5.8 shows the experimental results from Chap. 3 as a function of the principal
stress. Observing this figure, one could argue that, as the principal stress is the driving
force controlling the disbond process, the data from different MR, ratios should collapse
to a single trend. However, it must be remembered that the principal stress controls
only a part of the process. And the energy required to coalesce the micro-cracks depends
on the MR. This can explain the collapse between the 75% and 100% data. As, from
Fig. 4.15 in Chap. 4, there is little difference between the fracture surface of 70%,
80%, 90% and 100%, indicating similar coalescence process at these MRs and, thus, a
similar amount of energy required to coalesce the micro-cracks.

Figure 5.8 also indicates that the exponents of the Paris relation for all MRs are
similar. Table 5.1 presents the Paris relation coefficients. From Tab. 5.1 one can
confirm that the exponent m is indeed similar for the different MRs. The exception
would be the pure Mode II data. However, the literature has reported that obtaining
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Figure 5.8: Fatigue crack growth behavior as a function of principal stress.

the Mode II data can be problematic [20]. Additionally, there are reports that different
test setups can yield different results for static failure [20]. Consequently, they might
also have an influence on the fatigue results.

Table 5.1: Fit coefficients for experimental results from Chap. 3.

MR C m
0% |52710°17 ] 3.78
25% | 9.58 10718 | 3.85
50% | 3.87 10718 | 3.93
75% | 8.80 10719 | 3.93
100% | 2.23 10724 | 5.81

5.3.1 Principal stress projection

The use of the principal stress to describe the fatigue disbond growth also raises the
question that the disbond increment per cycle (da/dN) is the projection of an inclined
disbond increment (Fig. 5.9). Le., the Paris relation would be a relation from Ay/G1_eq
and an inclined da/dN, that is later projected in the direction of macro disbond growth
generating the disbond growth that is measured.

da

da
, _ da 2
dN> cos(a) dN> (5.27)
inclined projection



70 Model Development

Figure 5.9: Crack increment projection.

d m
d;) = C(A/G1eq) (5.28)
inclined

da 1 m
dN) s C.(AVGieq) (5.29)
projection

According to this principle, the correct description of the fatigue disbond growth
behavior should be represented in a graph of Ay/G1 vs da/dN/cos(a), as in Fig. 5.10.
Comparing Figs. 5.8 and 5.10, one can observe that there is nearly no differences be-
tween them and the a correction can not collapse the experimental points. Despite the
reasoning for using this correction term, one must remember the different coalescence
modes for different MRs, which requires different levels of energy. Additionally, one
can argue that the parameter C already takes into account the value of cos(a). As a
result, a model that includes C' will indirectly consider the effect of a.
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Figure 5.10: Fatigue crack growth behavior as a function of principal stress with the
correction for the angle a.

5.4 Model Development

Observing the similarity between the exponents m in Tab. 5.1, one could consider that
they assume a fixed value, independently of the MR. This would lead to a change in
the coefficient C. But then, this coefficient would be a function only of the MR. If one
fixes the exponent as m = mgy. The new coefficients C obtained are presented in Fig.
5.11 with a confidence interval of 95%. Details on the calculation of the coefficient C
for a fixed m and the confidence intervals can be found in Appendix B.

Observing Fig. 5.11, one can obtain a good approximation of the coefficient C' by
interpolating the values of log(C) with a straight line between MR=0 and MR = 100%.
Considering this approximation, one can predict the disbond crack growth for the entire
range of MRs based only on pure Mode I and pure Mode II data.

Based on this assumption, the predictions for the set of experiments MM - FCG
from Chap. 3 are presented in Fig. 5.12 and for the set of experiments MM - fracture
surface are presented in Fig. 5.13.

Observing these predictions, one can notice the good agreement between the model
predictions and the experimental values, particularly in the 20% - 50% MR range.
For higher MRs, the model overpredicts the experimental results. The explanation for
the overpredictions can be found in the in Fig. 5.11, where the model predicts with
accuracy the value of C' for MR=25% and 50% and it predicts a higher C' for MR=75%.
Moreover, Fig. 5.11 indicates a similar C for MR between 75% and 100%, which results
in over predictions in this range, what is confirmed by Fig. 5.13.
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5.5 Model Summary

The implementation of the model can be done following the steps:

1. Calculation of the equivalent principal stresses in terms of SERR;

V G max G -max
vV Gl,eq,maac = 127 + \/ 12 + Griomax (530)

vV Gl,eq,min = G;,mzn + \/GI,szn + GII,min (531)

A\/C;’,eql = (\/Gl,eq,maa) - \/Cll,ﬁq,ﬂnn)2 (532)

Plot the da/dN vs Ay/G1_cq for the Mode I and the Mode II data,
Determination of the Mode I fit parameters (Coy, and mgg );
Determination of the Mode II fit parameter (Cigo%) considering m = mgy;

Interpolation of the C for the desired MR;

AR SR

C(MR) = Cioo%-Coz "™ (5.33)

6. Prediction the da/dN.

da mos
IN = C(MR).(A/G1eq) (5.34)

5.6 Model Validation

The use of the model on different data sets can help to understand the limitations of
it. Two different data sets were used to verify the model, the experimental results from
the unsupported adhesive (Chap. 3) and the experimental results from Wan et al [21].

Figures 5.14 present the behavior of the coefficient C' with a fixed exponent m and
the model predictions for the unsupported adhesive. The prediction for MR=50% (see
Fig. 5.15) showed a good agreement with the experiments. This result is not surprising
as there was also a good agreement for this MR on the supported adhesive and the
failure mechanisms for both adhesive versions are similar [22].
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Wan et al [21] studied the MM fatigue behavior of composite bonded joints. The
adherents were laminates of 13 plies of carbon fiber-epoxy pre-preg (fiber G40-800-24k
and matrix Cycon 5276-1, supplied by Cytec) with 0° fiber orientation. The adherents
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were bonded with the film adhesive AF 163-2k with a knit carrier, supplied by 3M.
They present the fatigue behavior for MR=0%, 20%, 40%, 60% and 80%. The authors
will perform the tests at pure Mode II, however, this data is not available yet. As the
pure Mode II data was not available, the model supposed a linear interpolation between
Coy and Cgpy. The relation between C' and MR can be seen in Fig. 5.16.

On Fig. 5.16, one can see that the coefficients Cyoy;, Cao%, Ceon and Cggy follow
almost a straight line. The exception would be the Csgy,. A deeper analysis on the
reasons for this behavior is not possible, as the authors present only one fracture surface
example for each MR. However, considering the examples presented, one possible ex-
planation for this behavior is that from MR=40% and up the fracture does not happen
only at the adhesive. A part of the fracture occurs within the adherent (delamination).

Consequently, at MR=40% an up, there is a mix of delamination and disbond.
Additionally, the delamination fraction increases with a higher MR as there is more
fibers exposed in the examples presented. This change in the failure mechanism would
result in a shift of the FDG curves to the left, as, usually, the disbond fatigue resistance
is higher than the delamination fatigue resistance. This behavior helps to explain
the overlap of MR=0% and MR=60% and the overlap of MR=20% and MR=80%
experimental points in the plot FDG vs Gmas (Fig. 5.17).

=155 -
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Figure 5.16: Variation of C with a constant m for Wan et al [21] data set.
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Figure 5.17: Wan et al [21] data set. Due to a change in the failure mechanism, the
fatigue behaviors of MR=0% and 60% and of MR=20% and 80% are

similar.

Despite the failure mechanisms discussed above, the model was applied to this data
set and the predictions are presented in Fig. 5.18, 5.19 and 5.20. On these Figs. one can
observe a good agreement between the model predictions and the experimental results
for MR=40% and MR=60%. For MR=20%, the model overpredicts the experimental
results, as was expected from Fig. 5.16. The overprediction is likely a result of the
change in the failure mechanisms. However, the model assumption of a linear interpo-
lation between the coefficients Cyy, and Ciooy (particularly for this case between Coy,
and Cggy) was able to capture accurately the change in the coefficient C' for MR=40%
and MR=60%.
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Figure 5.18: Model predictions for Wan et al [21] data set at MR=20%.
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5.7 Model Discussion

The development of the model presented some assumptions. This section will discuss
the implications of these assumptions and later discuss the methodology of the model
applied with different functions of the SERR.
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5.7.1 Model assumptions
The main model assumptions are listed below:

e The principal stress is the suitable parameter to describe disbond growth.
e The coefficient m is independent of the MR.

e There is a linear relation between logC' and MR.

As shown in Chap. 4, there is abundant evidence that the principal stress is the
driving force of the disbond mechanism. Thus, the first assumption should not present
further consequences.

The second assumption is strong and to some extension impossible to prove. The
Paris relation is an experimental observation [23] and, as such, theoretical values for
its coefficients are not available. Analysis of literature data does not reveal many data
set where this assumption could be tested.

The literature presents some data sets for MM fatigue delamination [6, 13], where
there is a large difference in the exponent m. However, fiber bridging may have an in-
fluence on the value of m [24]. Additionally, there are reports of no significant difference
between the exponent m of pure Mode I and pure Mode II [20]. Experimental results
on adhesive disbond on metallic bonded joints are scarce but the results from [25] show
a trend with a small variation in the exponent m. However, one must remember that
this experimental study [25] was conducted on a new specimen setup proposed by the
authors and the results presented large scatter. On the other hand, the experimen-
tal data obtained in Chap. 3 and the results from Wan et al [21] suggest that this
assumption may be true for MM fatigue disbond.

The third assumption suffer from the same problems of the second one, as it can not
be theoretically confirmed and there are few data sets available to verify it. However,
the failure mechanisms can supply some insights about the relation between logC and
MR.

The failure mechanisms indicate a continuous increase in the energy for crack growth
as the MR increases. As a result, one should expect a monotonic behavior for this curve.
Additionally, there should be a considerable difference between logC for pure Mode I
(MR=0%) and high Mode I. For both of these cases the failure mechanism is similar
but the pure Mode I fracture occurs in the center of the adhesive and, because of it,
it can easily find a less energy path. On the other hand, a fracture at high Mode I
occurs close to the compressive adherent and, consequently, it has less room to find a
less energy path. Lastly, the fracture at high Mode II seems similar to a pure Mode 11
fracture. Thus, one would expect similar coefficients as presented in Fig. 5.11.

Figure 5.21 presents the relation between the normalized logC and the MR for the
three data sets evaluated on this chapter. As the data set from Wan et al [21] does not
present pure Mode II data, the Cigo% was considered equal to Cggy (similarly to the
data set from Chap. 3) in the Fig. 5.21. This figure also presents the model adopted
and one possible function that describes more realistically this relation. This function
was based on the effect of the failure mechanism (high Mode I and high Mode II parts,
and the monotonic behavior) and the function also attempted to fit the experimental
data.

Obtaining the real function that describes this relation is beyond the scope of this
work, as it would demand the evaluation of several MRs and the final model could
depend on some of these several MRs and not only on the pure Mode I and pure Mode
II data. However, some conclusions can be drawn from Fig. 5.21. From this figure,
one can conclude that the linear interpolation can result in good predictions for MR in
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Figure 5.21: Relation between logC and MR.

the range of 30% to 60%. Additionally, for MR with a higher error (high Mode I and
high Mode II regions) the model should predict a faster crack growth, being, then, a
conservative model.

5.7.2 Model methodology

The model consists of three principal assumptions: the G1_¢q is the suitable parameter
to describe disbond growth, the coefficient m is independent of the MR, and there is a
linear relation between the logC' and the MR. This section will explore the possibility of
the last two assumptions coupled with the use of a common parameter used to describe
the FCG.

The most common parameters used to describe the disbond and delamination are
the Gmaz, AG = Gmaz — Gmin and AVG = (vVGi—maz — VGi—min)* + (VG1I-mas —
\/anmm)Q [23]. As all the experimental data evaluated on this work has the same load
ratio (R=0.1), the first two parameters can be considered equivalent (AG = R*.Gmaz)-
As a result, only the last two parameters will be evaluated.

Table 5.2 presents the coefficient m obtained for the different parameters evaluated.
Similarly to the results obtained using 1/G1_q only one m deviated from a constant
value. For AG, mrsy was significantly different from the others and, for AVG, migox%
was different.
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Table 5.2: Fit coefficients for the different G definitions.

MR m

AG AVG
0% 4.52  3.78
25% | 3.98 3.88
50% | 4.67 3.92
5% | 3.33  3.96
100% | 4.65 5.81

Considering m = mgy and recalculating C one would obtain the results presented in
Fig. 5.22. This figure indicates that a linear interpolation can be a good approximation
of this relation. Additionally, the plots indicate that the linear interpolation should give
good predictions for MR=25% and MR=75%. However, it should underestimate the
crack growth for MR=50% (Fig. 5.22 and 5.23), being, therefore non-conservative.

18l
205 1

a1 . 1 1 1 1 . 18 . 1 I I I .
o 20 40 60 80 100 o 20 40 60 80 100
MR (%) MR (%)

(a) MR vs log(C) for the parameter AG. (b) MR, vs log(C) for the parameter AVG.

Figure 5.22: Mode I disbond surface example. Top right black arrow indicates the
global crack growth direction.

The predictions based on these parameters are presented in Fig. 5.23. As observed
previously, the predictions for MR=25% and MR=75% are in good agreement with the
experiments but for MR=50% the model underpredict the experimental results.

As stated in Sec. 5.7.1, obtaining the real function that describes the relation be-
tween MR and logC would demand the evaluation of several MRs and the function
might depend on them, and not only on the pure Mode I and pure Mode II data. How-
ever, observing Fig. 5.22, the linear interpolation seems to not give a good estimative
of the fatigue behavior for all MRs and it consistently underpredict the experimental
results when applied to the other data sets evaluated in Section 5.6.

Therefore, the use of this methodology with a different parameter can yield good
results under certain conditions. However, it can also underpredict the experimental
results. Thus, this methodology should be avoided with other parameters, such as the
ones evaluated in section.
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Figure 5.23: FCG predictions for the different parameters.

5.8 Conclusions

This chapter proposed and evaluated a new MM fatigue disbond model based on a
parameter equivalent to the principal stress. The model inputs are only pure Mode I
and Pure Mode II fatigue disbond growth data and the model evaluation was done in
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three different data sets. The model assumptions and simplifications were also discussed
and their effects evaluated.

The simplifications proposed were shown to have a limited effect on the principal
stress calculation and the model assumptions were in accordance with the experimental
data available in the literature. The model was shown to give good predictions in the
vicinity of MR=50% and to give conservative results for high Mode II but the difference
in da/dN is smaller than one order of magnitude. An analysis of the failure mechanisms
also indicated the conservativeness of the model for high Mode I and high Mode II.

Based on the discussed in this Chapter, the model developed has potential to accu-
rately predict the fatigue disbond growth behavior on a Mixed-mode loading condition.
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6 Disbond Growth Behav-
ior on a bonded Single
Lap Joint under fatigue
loading

This Chapter is a reproductions of [1].

The fatigue disbond behavior on a bonded Single Lap Joint (SLJ) was evaluated.
Fatigue disbond tests were conducted and the Strain Energy Release Rate (SERR) was
obtained through Hart-Smith [2] and FE simulations. Afterwards, the SERR from both
methods was used, coupled with a Mized-Mode (MM) fatigue disbond model based on the
Mode I SERR in the principal stress direction to predict the Fatigue Disbond Growth
(FDG). Additionally, a new method for disbond length measurement was applied using
a Rayleigh Backscattering (RB) distributed sensing system for measuring strain on the
SLJ. The approach employed estimates conservatively the FDG for SLJ and the RB
system was found to be in good agreement with the results from visual inspection.

6.1 Introduction

Structural adhesives have long been considered a promising alternative to mechanical
fasteners in the aerospace industry [3]. The load is transfered smoothly through the
adhesive resulting in reduced stress concentrations and better fatigue performance of
the joint. However, there is still a lack of confidence in the long term response of the
adhesive, which prevents a wider use of adhesives in the aerospace industry. Different
environmental [4-9] and cyclic loading conditions (loading spectra, mode ratio and
stress ratio) [10-12] can substantially change the predicted life of a bonded joint.

One of the most important parameters to predict fatigue failure on adhesively bonded
joints is the loading mode. On a bonded joint, the disbond usually occurs due to a
combination of Mode I (opening) and Mode II (sliding shear) loading [13], as observed
in a Single Lap Joint (SLJ). Due to the eccentric load, the disbond tip experiences
both Mode I and II (see Fig. 6.1) and the Mode Ratio (MR = G11/Gtotar) depends
on several parameters: adherend length, thickness and mechanical properties; adhesive
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thickness and mechanical properties; and bonded length. As a result, the MR changes
as the disbond extends.

Figure 6.1: SLJ example. The eccentric load generates Mode I loading at crack tip.
The deformations are scaled to aid in visualization.

In the past, some attempts have been made to predict disbond on a SLJ using only
the Mode I component of the Strain Energy Release Rate (SERR) [14-17] as Mode 1
loading has been shown to be more detrimental [18]. Later, the effect of Mode II was
also incorporated in order to increase the accuracy of the models [19, 20]. However,
obtaining the Mode I and Mode II contribution in a SLJ is not straightforward.

The literature presents few analytical models for obtaining the SERR in a SLJ. They
are usually an extension of models that obtain the stresses in the adhesive layer and
later they convert these stresses (Eq. 6.1 and 6.2) [21] or the bending moment factor
(k, defined in Eq. 6.5) (Eq. 6.3 and 6.4) [22] into SERR. The second approach (Eq. 6.3
and 6.4) avoids the use of stresses (0, and 74), which would require the bulk adhesive
properties (E, and G,) that are difficult to measure experimentally [23].
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G =1} fa (6.2)
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Gr+ G = (112 Z); (84K + 12k + 1) (6.3)

e 1 /1 ’

@ - {m (+9) o0

Papini et al. [24] and Fernlund et al. [25] developed one of the few analytical models
that focus on the SERR. However, they supposed the SLJ extremes were free to rotate
(pinned). Even though this method was shown to be useful, this boundary condition
was shown to lead to erroneous results if the SLJ extremes were encastred.

Silva et al. [23] evaluated several models to predict static failure on SLJ, and, the
model proposed by Hart-Smith (HS) [2] presented one of the best performances. Hart-
Smith expanded the analysis of Goland and Reissner [26] by adding the effect of the
adhesive thickness on the bending moment factor. The simplified bending moment
factor obtained is presented in Eq. 6.5.

M 1
Pi- k=g
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1+t

— (6.5)
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Where:

gL B (6.6)

w  12(1 —v?)

Alternatively, Quaresimin and Ricotta [20] used Finite Element (FE) simulations
and the Virtual Crack Closure Technique (VCCT) to obtain the SERR. Later, they
used the SERR coupled with Fatigue Disbond Growth (FDG) data from SLJ with
different overlap lengths [27] to estimate the fatigue life of similar SLJs [28].

This paper attempts to predict the FDG on a SLJ using a model based on the Mode
I SERR in the principal stress direction. The model inputs are Pure Mode I and Pure
Mode II FDG data obtained with a Double Cantilever Beam test (DCB) and with an
End Notched Flexure test (ENF). The SERR used on the MM FDG model will be
obtained through FEA, which will be considered the real value, and it will also be
estimated through the HS analytical model. Later both predictions will be compared
with experimental results.

6.2 Experimental Description

6.2.1 Specimen Fabrication

Aluminum (2024-T3) adherends, with 6mm thickness were used. The aluminum sheets
were cleaned with acetone, followed by a NaOH bath for 5 minutes, and then Chromic
Acid Anodized (CAA) for 40 minutes at 40°C. After the CAA, the primer BR 127, sup-
plied by Cytec, was applied on the aluminum sheets to preserve the surface treatment.
Prior to stacking, a thin film of Teflon (15mm width and 0.06mm thick) was positioned
close to one of the overlap edges to create an initial disbond. The other edge was filled
with extra adhesive to create an adhesive fillet in order to prevent or retard FDG on
that end of the specimen. The bond plates were prepared with one adhesive layer.

The adhesive employed was FM-94, supplied by Cytec and it was supplied in a
supported (with a fabric carrier) with a nominal thickness of 250um. The cure cycle
was followed according to the supplier instructions [29] and consisted of: heating up
the specimen to 120°C at 2°C/min; held it at 120°C for 60 minutes with a pressure of
0.4MPa; followed by a cooling of 30°C at 4°C/min. After cure, the bonded plate was
machined in the final dimensions of the samples (Fig. 6.2).

6.2.2 Test Details

Prior to the fatigue test, tabs were attached to the ends of the SLJ to reduce the
eccentric load as shown in Fig. 6.2. During the fatigue test the maximum and minimum
loads were kept constant and the load applied was 14kN. The load ratio was set to
R=0.1 at a frequency of 5Hz. Disbond growth was monitored visually by observing the
location of the disbond tip at the side of the specimen. The specimen side received a thin
thin layer of white paint prior to testing in order to improve the contrast between the
specimen and the disbond, used to locate the disbond tip. Every 1,000 cycles the test
was stopped, a picture was taken and the test was resumed until final failure. Later, the
pictures were analyzed and the disbond tip determined. Once the disbond lengths were
determined, the disbond growth rate was calculated using the Incremental Polynomial
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Figure 6.2: Specimen details.

Method [30] with seven successive data points and a second order polynomial equation.
Three specimens were tested to assure the repeatability of the results.

Additionally to the visual inspection, the strains on the side of one specimen were
monitored in an attempt to detect the disbond tip. In order to measure the location
of the disbond in our experiment; a low bend loss Optical Fiber Sensor (OFS) was
utilized. The OFS required no gratings, and it was adhesively bonded to the side of
the coupon in order to monitor the changes in strain of the SLJ specimen. The strain
measurement was performed utilizing a distributed sensing technique based on Rayleigh
Backscattering [31].

In Rayleigh Backscattering, the backscattering phenomenon is based on a specific
form of light wave reflection, were the light wave traveling through the fiber is reflected
back from its source in a diffuse manner. In contrast, a specular reflection, which is
commonly observed in a mirror, causes the light wave to be reflected from a single in-
coming direction into a single outgoing direction. This distributed strain measurement
technique allows for spatial resolutions of strain at every 1.3mm at a maximum data
acquisition frequency of 23.8Hz over a 10-meter fiber length.

A comparison study between this technique and strain gauges was performed by
Martinez et al. [32] which showed that strain measurement with an accuracy of ap-
proximately 6 to 32 microstrain was obtainable when measuring strain fields between
109 and 764 microstrain respectively. The data acquisition system used in our strain
measurement, is based on a commercially off the shelf Optical Frequency Domain Re-
flectometry (ODISI-B) produced by Luna Technologies Inc. [33]. A sketch of the OFS
arrangement on the SLJ and the expected strain are presented in Fig. 6.3.

6.2.3 FE Simulations

A FE model was simulated in order to obtain the SERR of a SLJ for different
crack lengths and the strains close to the bond line. A 2D model was used on
Abaqus/Standard ® The SERR was calculated using the Virtual Crack Closure Tech-
nique, a capability available in Abaqus. As boundary conditions, the region close to
the ends (20mm) was prevented to rotate, simulating the grips, and on one end the
displacements were restrained while the force was applied on the opposite end. The
SLJ was modeled using elastic and geometrical linear behavior and the element type
CPS4R. The mesh size was as follows: rectangular elements of 1mm x 3 mm on the non-
overlap region and 1mm square elements on the overlap region. A convergence analysis
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Figure 6.3: Optical fiber arrangement and expected strain measurements.

was performed and reducing the element size further has shown an effect smaller than
2% on the SERR. The Double Cantilever Beam and the Mixed-Mode Bending test
geometries were also simulated in a similar procedure and the good agreement between
the FEM results and the analytical equations for Mode I and II SERR [34, 35] indicates
that this procedure can yield good predictions for SERR.

Once the model was ready, several combinations of crack lengths were simulated.
Different disbond lengths were used, varying the disbond length in 10mm increments
while the SERRs were recorded. Later, the results were interpolated to provide the
SERR as a function of disbonds length. The results were interpolated using a second
order polynomial as shown in Eq. 6.7. Where 7 refers to the opening mode (I or IT) and
j refers to the disbond side (1 for the pre-crack edge or 2 for the adhesive fillet edge).

Gi_aj = co + cr.a1 + c2.a2 + c3.a% + cq.a3 (6.7)

6.3 Test results

The analysis of the post failure specimens revealed no evidence of interfacial failure, so
none of the specimens were discarded. The results for the three specimens are presented
in Fig. 6.4. The experimental procedure adopted presented repetitive results, as the
final failure for the three samples was similar. In this figure, the effect of the adhesive
fillet is clear, as the first signs of disbond growth were observed only at 30,000 cycles
for specimens a and ¢ while, on the pre-crack edge, the disbond is detected shortly after
the test beginning.

In Fig. 6.5, one can observe some oscillation in the disbond growth rate, specially
in the disbond growing from the pre-crack edge. This oscillation may be related with
the development of the disbond. During the first stages, the disbond may suffer an
influence of the teflon used as disbond starter or from the adhesive fillet.
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Figure 6.4: Fatigue disbond growth results. Disbond length vs cycle number.
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6.3.1 Strain measurements

An example of the strains along the overlap region obtained using the OFS is present in
Fig. 6.6. On the same figure, the strains obtained with a FEM are presented. One can
see good agreement of the experimental results and the FEM, specially in the bonded
region.

3000 T T T
X Strain
FEM
2500 - FEM disbond position |

1+ Pre-crack edge

2000

1500

Strain (p)

Adhesive fillet edge
1000 [

I Disbond tip (i)

sy

| | . Lo X
« I—Q$—|/ Disbond tip (i) %
x I I \i;

0 50 100 150 200

500

Figure 6.6: Strain measurements close to the bond line (N=1000 cycles) and the def-
inition of disbond tips.

The worst agreement occurs close to the ends of the bonded region. However, close
to the adhesive fillet edge, both curves show an increase in the strain before the strains
diminish to zero. In addition, close to the pre-crack edge, the FEM was able to capture
a similar strain distribution. A deeper analysis on the FEM results revealed that the
strain levels on both edges vary significantly with distance to the bond line: the further
the distance, the smaller the strain peaks are. In the example present in Fig. 6.6 the
distance in the FEM was 2mm (Fig. 6.7). Additionally, the distance to the bond line
does not alter significantly the strains in the bonded region. The distance from the
optical fiber to the bondline was not recorded but was estimated to be between 1-2mm.
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Figure 6.7: Position for strain measurement on the FEM.

6.3.2 Crack tip detection using a distributed strain mea-
surement technique

Based on the good correlation between the strain measurements and the FEM, the
strain was used to locate the disbond tip. At the disbond tip (i) (Fig. 6.6) the strain
gradient is large, thus, the disbond position was considered the first point with zero
strain. On the opposite side, the disbond tip (ii), the strain gradient is smaller. As a
result, the disbond tip was considered the mid point between the maximum strain and
the beginning of the strain plateau.

Based on these assumptions, the fatigue growth results are presented in Fig. 6.8 (a)
and (b). One can observe the good agreement between the disbond tip detected by the
strain measurements and the visual inspection, particularly for the disbond growing
from the pre-crack edge. On the adhesive fillet edge, one can notice that at N=0 cycles
the disbond is not Omm. As the disbond at this edge must be Omm at N=0 cycles, this
point can be used to calibrate the curve. Thus, if the whole curve is shifted to match
this point one would obtain the result presented in Fig. 6.8 (c).

Figure 6.8 indicates that the optical fiber distributed sensing system is a promising
technique for disbond detection and a possible alternative to automate the disbond tip
measurements for research applications. Additionally, this result also indicates OFS
has potential to be used as a failure detector in a Structural Health Monitoring system.
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Figure 6.8: Disbond tip detected using strain measurements from the OFS versus vi-
sual inspection.

6.4 Disbond Growth Predictions

The use of a FDG model for SLJ requires the evaluation of the SERR as a function
of the disbond lengths. Two methods were used to obtain the SERR: FEM and the
analytical model developed by Hart-Smith (HS) [2]. HS model uses as inputs geometric
and material values and it has as output the bending moment factor. This bending
moment factor is then converted to SERR using Egs. 6.3 and 6.4. As HS model does
not obtain the SERR directly, Fig. 6.9 compares the SERR for the HS model and the
FE model.

Observing Fig. 6.9, one can see that despite the good agreement between FEM and
HS for Gmaxz and MR, the HS model underpredicts the Garq and the MR. The HS
model estimates the Gyae consistently 100 to 200 J/m? lower than the FEM. The MR
range for the FEM goes from 50% to 65%, while from the HS model it goes from 60%
to 70%. Thus, the difference goes from 5% to 10% in absolute values. Therefore, as a
first approximation, the HS model can be used to estimate the values of SERR but the
results might be non-conservative.

Based on the SERR estimated in Fig. 6.9, one can estimate the FDG for the SLJ.
The FE was developed for different disbond lengths, then, both disbond lengths were
used to predict the FDG. The HS model was developed for symmetrical SLJ, i.e., the
disbond lengths should be the same. To overcome this issue, the disbond length was
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Figure 6.9: Comparison of the total SERR and the MR obtained on a SLJ through
FE and HS models. a/c indicates the disbond length divided by half of the
initial overlap length.

assumed to be the average of both disbond lengths.

Applying the above assumptions on the Mixed-Mode fatigue disbond model devel-
oped in Chap. 5 one can predict the FDG for the different specimens. The model
coefficients were assumed to be the same as in Chap. 5, as the materials and bond
procedure were identical.

The model assumes that the Paris relation exponent is independent of the MR if the
similitude parameter chosen for the Paris relation is related to the principal stress (Eq.
6.8). Afterwards, the Paris coefficient C' is obtained by a linear interpolation of the log
of the coefficients Cyy, and Chgoy (see Fig.6.10).

Gleq = VG + Gr +4 (6.8)
2 4

Figure 6.11 presents a typical prediction for the FDG of both disbonds on a SLJ.
Only one specimen was chosen for brevity, as the other specimens had shown a similar
trend. The predictions for the remaining specimens can be seen in Appendix C.

In Fig. 6.11 one can observe the better agreement between the experimental points
and the predictions using the HS model for SERR. However, the HS model predicts non-
conservative FDG rates. On the other hand, the predictions using the FEM for SERR
are conservative and most experimental points fall below the lower 95% confidence
boundary.

On the SLJ under analysis the MR ranges from 50% to 70%. Analyzing Fig. 6.10,
this MR range seems to be overpredicted by the linear interpolation. As a result, one
would expect conservative predictions. The predictions using FEM for SERR met those
expectations and the effect of a variable MR as the disbond extends seems to not affect
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these predictions. However, the predictions using the HS model were not expected.

It is likely that the smaller values predicted by the HS model for SERR (Fig. 6.9)
resulted in slower FDG predictions. Therefore, the smaller values predicted by the HS
model for SERR were counterbalanced by the conservative results expected from the
FDG model on the MR under analysis. Therefore, the better predictions presented by
the HS model are the effect of two errors canceling each other, resulting in an artificial
good prediction.

For other SLJ configurations (different thickness, length or material) the MR may
change and the FDG predictions using the HS model may deteriorate. However, the
predictions using the FEM are expected to follow the model behavior, i.e., a good
correlation in the MR range of 0% to 50% and conservative predictions in the range
50% to 100% (see Fig. 6.10).

6.5 Conclusions

This paper investigates the disbond growth behavior on a bonded SLJ. The main con-
clusions are listed below.

e The OFS can be used for disbond detection and it seems to be a promising
technique to avoid the use of compliance methods or visual inspection.

e The HS model for SLJ can be extended to determine SERR but the values
obtained (Gmqee and MR) underestimate the results obtained from FEM.

e Coupling the HS model with the MM FDG model from Chapter 5 can give
a good estimative of the fatigue behavior for a SLJ but the results might be
non-conservative.

e Coupling the MM FDG model from Chapter 5 with FEM resulted in predictions
in accordance with the expected for the MM model, i.e., conservative results.

e The MM FDG model was able to capture the FDG behavior in a condition of
variable MR.

Therefore, the FDG rate of a SLJ can be estimated using the MM model developed
in Chap.5. Thus, the model has the potential to predict FDG in a condition of variable
MR such as adhesive joints or bonded repairs.
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7  Conclusions and Closing
Remarks

This thesis presented the work carried out to develop a damage tolerance model to
predict Mixed-Mode (MM) fatigue disbond in a metallic bonded joint. In order to
achieve this goal, an experimental study was carried out (Chapter 3), followed by the
identification of the disbond failure mechanisms (Chapter 4). Meanwhile, the effect of
an adhesive supporting system on the MM fatigue disbond behavior was also evaluated
(Appendix A). Afterwards, the failure mechanism identified were used in the develop-
ment of a damage tolerance model (Chapter 5). This model was, then, evaluated in fix
Mode Ratio (MR) (Chapter 5) and variable MR (Chapter 6) conditions.
The main conclusions are listed in the following section.

7.1 Conclusions

In order to obtain a MM disbond model first the failure mechanisms were analyzed.
The main conclusions related to the MM disbond mechanisms are listed below.

Failure Mechanisms - Chapter 4
e The disbond failure mechanisms are similar to the ones present in delamination,
the main differences arise from the lack of fibers and fiber bridging.

e The local principal stress controls micro-crack nucleation and micro-crack
growth.

e The Mode ratio controls micro-crack coalescence and, thus, the energy required
for micro-crack coalescence.

e The Mode II component controls the crack path.

During the analysis of the failure mechanisms, a possible influence of the carrier
on MM fatigue disbond behavior was detected. Thus, a study was conducted on the
effect of the carrier on the failure mechanisms and on the fatigue behavior under MM
conditions. The main conclusions obtained from this study are presented below.

Carrier effect - Appendix A

e The presence of a carrier adds new failure mechanisms.
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e For the carrier under analysis, the new mechanisms were present only in the
Mode II component and they were carrier fiber bridging and a different crack
path.

e The new mechanisms resulted in a small reduction of the Mode II component.
e As a consequence, the Mode ratio also present a small reduction.

e And the fatigue behavior presented a small improvement.

Based on the mechanisms identified in Chap. 4, a new MM disbond model based
on the principal stress was developed depending only on pure mode I and II fatigue
disbond data. The model was tested on 2 data sets produced by the author and on 1
data set from the literature. To further verify the model, it was used to predict the
fatigue disond growth behavior on a Single Lap Joint (SLJ), a situation of variable MR.

Model - Chapter 5 and 6

e The model was proved to present good predictions specially in the MR range
from 25% to 50% if there are no sudden change in the failure mechanisms.

e Even with a change in the failure mechanisms (disbond + delamination), the
model still presented good predictions for the case evaluated in Chapter 5.

e For high Mode II the model proved conservative. This conclusion was also sup-
ported by a comparison between failure mechanisms and the model assumption.

e The MR of the SLJ was around 60%, thus, the model predictions were conser-
vative.

7.2 Closing Remarks

Model shortcomings

The model developed on this thesis is based on a series of assumptions. The assumptions
and its consequences will be reiterated here.

A single disbond: Several models in the literature [1-4] assume a single disbond
that grows by an increment (da) every cycle. However, Chapter 4 has showed evidence
of the nucleation and grow of multiple cracks and a later coalescence of some of these
micro-cracks forming the main disbond. A possible solution for this incoherence is
the use of damage mechanics and a damage variable that quantifies the micro-cracks
density/size. Damage mechanics is a powerful tool and it has the potential to account
for Mixed-Mode, stress ratio, Variable Amplitude, among other effects. However, the
development of a damage evolution law can be difficult, specially if this law attempts to
account for all the parameters affecting the fatigue disbond. Thus, most of the research
still assumes a singe disbond tip and ignores the damaged zone ahead of the disbond
tip.

Paris relation exponent is independent of MR: As state previously, the Paris
relation is an empirical observation and, as such, it does not allow a theoretical es-
timation of its coefficients. Additionally, there is not many data sets available in the
literature to verify this assumption. The data sets evaluated [5, 6] and the experimental
results obtained (Chapter 3) seems to be in accordance with this assumption. Addi-
tionally, it was observed a strong dependence between the Paris relation coefficients,
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with more than 20% of difference if distinct regression methods are used and a small
difference in the resulting regression curve (see Table 3.1 and Fig. 3.14). Thus, part
of the variation in the Paris relation exponent reported in the literature [5] can be
attributed to the dependence between the coefficients and the regression method used.

Linear relation between the log of the Paris relation coefficient and the
MR: Similarly to the previous assumption, this can not be theoretically proven as the
Paris relation is an empirical observation. Additionally, the analysis in Chapter 5 has
showed that a linear function does not describe accurately this relation. However, the
linear function can be used to approximate the relation with a good agreement near
50% and it estimates conservatively for high Mode II.

Model Applicability

Despite the shortcomings listed above, the model developed in this thesis represents
an improvement in mechanistic modeling of mixed-mode disbond growth. Although
specific empirical aspects remain (non-physical based power law fit of experimental data
sets) and engineering approximations are applied (assumption of a single disbond front
despite evidence of a damage zone), the model greatly reduces the amount of empirical
data necessary and attempts to link behavior to observed fracture mechanisms. In
presenting this model, effort has been made to expose potential shortcomings and
dangers in applying the model. It is not claimed that all aspects of predicting the
complexities of mixed-mode disbond growth have been captured in this work. Instead,
by studying the phenomenon of mixed mode disbond growth in this thesis, it is hoped
that:

a) a greater understanding and appreciation of the complexities of the phenomenon
are gained,

b) a more convenient and easier semi-empirical engineering model for disbond growth
has been developed which can be applied using the above understanding.

Practical limitations to applying damage tolerance philoso-
phy to bonded joints

In order to apply the damage tolerance approach for bonded joints in the AE industry,
some problems still need to be solved. One of the main problems is related to inspection
and damage detection. Currently, there is still no reliable inspection technique that
can assure the integrity of a bond line. Failures such as adherends contact (kissing
bond) and weak bond still pose as one of the main challenges to be overcome before
damage tolerance can be used in adhesives. Additionally, polymers are known to be
greatly affected by temperature, water and other chemicals. As a result, the effect of
these parameters on the fatigue disbond behavior must also be addressed.
Additionally, the use of damage tolerance usually requires a load that is then con-
verted to crack growth rate through a power function (Paris relation). The exponent
of the power function normally ranges between 2 and 3 for metals [7]. This means that
a 10% increment in the load would result in a 33% increment in the crack growth rate.
However, for the adhesive evaluated in this thesis, the exponent is 7.5, when related
directly to the stress intensity factor, and it can be larger than 10 for other adhesives
[5]. Thus, the same 10% load increment can result in a 160% (n = 10) increment in
the crack growth rate. This large uncertainty is one of the reasons for the no growth
requirement for composite delamination and, certainly, it will affect similarly adhesive
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bonding certification. Even adhesives regarded as “good in fatigue resistance”, as the
FM ®300 [8], can present exponents close to 8 [9]. Thus, the use of the damage toler-
ance philosophy on adhesive bonding also requires the development of adhesives with
better fatigue performance.
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A Influence of Fabric Car-
rier on the Fatigue
Disbond Behavior of

Metal-to-Metal Bonded
Interfaces

The effect of an adhesive support on the Mized-Mode fatigue properties of a metal-
to-metal bonded interface was evaluated. Pure Mode I, pure Mode II and Mized-Mode
fatigue disbond tests were conducted on supported and unsupported bonded samples. The
fracture surfaces were observed and related to the fatigue disbond growth rate. The sup-
porting system analyzed was found to not affect the fracture surface under Mode I load-
ing, resulting in similar disbond growth rates for both supported and unsupported bonds.
However, under Mized-Mode and Mode II loading the supporting system improved the
fatigue resistance. The improvement was related to different failure mechanisms caused
by the supporting system such as Mode II load bearing and a change in the disbond path.

This appendix is a reproduction of [1].

A.1 Introduction

Adhesive bonded joints offer numerous performance advantages over their mechanically
fastened counterparts, including a more distributed load path that can reduce stress
concentrations and improve fatigue performance. The performance of bonded joints,
however, is sensitive to numerous processing parameters that can be difficult to control
in practice. Adherend surface preparation, for example, is a critical parameter for
joint performance and poses challenges for applications such as in-field bonded aircraft
structural repairs [2]. Bond line thickness is another example of a critical parameter
that can influence joint performance [3-11].

The sensitivity of adhesive bonded joint performance to various processing parame-
ters generates uncertainty in the quality and performance of a given bonded interface.
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Although strict process control coupled with non-destructive inspection techniques pro-
vide some basis for qualifying as-manufactured joints and assessing in-service degra-
dation, sufficient uncertainty currently remains. As a result, safety-critical joining
applications, such as primary aircraft structures, primarily use mechanically fastening
due to its predictable, yet typically inferior, performance. Conversely, in instances
where bonding is used, a mechanically fastened backup is typically present and sized to
accommodate failure on the bonded interface. Indeed, increasing the usage of adhesive
bonding for safety-critical structures requires improvements in reliability and robust-
ness through increased process control, improved inspection techniques, and improved
predictive capabilities for performance and degradation.

As mentioned above, bond line thickness is known to be a critical parameter that
influences the strength and durability of adhesive joints. A common strategy to control
bond line thickness with film adhesives is the use of a fabric carrier, or microspheres
which act as a spacer between the adherends during curing. Although these strategies
are effective at controlling bond line thickness, they also can influence the behavior of
the bonded joint. Understanding these effects is critical to improving the reliability
and robustness of bonded interfaces.

Relatively few studies have investigated the influence of a fabric carrier, or scrim
cloth, on the behavior of adhesively bonded interfaces. A comparative study by Zheng
and Ashcroft [12] found that the presence of a nylon carrier fabric in joints contain-
ing Hysol Dextes’s (Dsseldorf, Germany) EA9628 epoxy film adhesive increased tensile
joint stiffness by approximately 10%, although it was noted that manufacturing/batch
differences may also contribute to this difference. Butkus et al. [13] studied the bulk
properties of cured sheets of film adhesive with and without a carrier fabric. Overlap-
ping confidence intervals on their results for material stiffness suggested only a weak
influence on the carrier fabric on this property. Mode I fracture toughness of the ad-
hesive, however, was decreased by 15-30% by the presence of the fabric carrier. Da
Silva and Adams [14] observed concluded that the adhesive with a carrier is similar to
a composite material with the carrier fibers influencing on tension properties but not
on shear properties. With respect to the joint strength, studies by Sancaktar et al.
[15], Dixon et al. [16] and Gouri et al. [17], found that the presence of a carrier fabric
increased peel strength, shear strength, and Mode I critical strain energy release rate
(SERR). Da Silva and Adams [14], and da Silva et al [18] observed that the carrier does
not affect the adhesive failure load on a single lap joint. Studies by Sancaktar [19] and
Jablonski [20] also demonstrated an influence on disbond growth behavior and disbond
growth mechanisms under Mode I fatigue loading. No studies in the literature were
found on the influence of a fabric carrier on Mode II and Mixed-Mode (MM) fatigue
behavior.

This paper investigates the influence of a fabric carrier on the fatigue disbond behav-
ior of a metal-to-metal bonded interface. The commercial epoxy film adhesive, FM-94
from Cytec (Woodland Park, USA), with a nylon fabric carrier (supported) and with-
out (unsupported) is used for this study. A detailed study of Mode I, Mode IT and MM
fatigue disbond growth behavior is undertaken using a combination of disbond growth
monitoring and post-fracture fractography.

A.2 Experimental Procedure

An experimental study to characterize the effect of a fabric carrier on the fatigue
disbond growth of a metal-to-metal interface was carried out. Both disbond growth
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rate and post-fracture fractography were employed to investigate any influence of the
fabric carrier on the fatigue disbond behavior. Fatigue tests were conducted in pure
Mode I, pure Mode II and MM at 50% (Glilén, where G1 and G; stands for strain
energy release rate due to Mode I and Mode II loading, respectively). Additional tests
in the supported adhesive were conducted varying the mode ratio from 20% to 90%
in 10% increments. After the fatigue tests, the fracture surfaces were observed in a
Scanning Electron Microscope (SEM).

The adhesive employed was FM-94, supplied by Cytec, and it was supplied in the
supported (with a fabric carrier) and unsupported versions. Both versions had a nom-
inal thickness of 250 ym. Aluminum (2024-T3) adherends, with 6mm thickness, were
used. The aluminum sheets were cleaned with acetone, followed by a NaOH bath for
5 minutes, and then Chromic Acid Anodized (CAA) for 40 minutes at 40°C. After the
CAA, the primer BR 127, supplied by Cytec, was applied on the adherends to pre-
serve the surface treatment. Afterwards, the aluminum sheets were stored from 3 to 15
months. According to the primer and adhesive data sheet [21], primed adherends can
be stored for long periods without degradation of the final bonding. Prior to stacking,
a thin film of Teflon (50mm width and 0.06mm thickness) was positioned close to the
edge of the metal sheets to create an initial disbond.

The bonded plates were prepared with one layer of adhesive, and no extra technique
was used to control the bond line thickness. The cure cycle followed the supplier’s
instruction [21], and consists of: heating up to 120°C at 2°C/min; holding at 120°C
for 60 minutes with a pressure of 0.4MPa; cool down to 30°C at 4°C/min. After cure,
the bonded plate was machined in the final dimensions of the samples in Fig. A.1. The
specimens were stored at 20 - 25°C, relative humidity of 50-70%, for one to six months
before testing and prior testing the thickness was measured.

teflon
50mm

q t=6mm
}21

»\’
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Initial crack
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2L =300mm
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Figure A.1: Specimen details.

The tests performed were based on the Double Cantilever Beam (DCB) and on the
Mixed-Mode Bending Test (MMB) [22, 23] standards (see Fig. A.2). The Mode II test
was performed at a particular arrangement of the MMB setup. In the condition where
C (lever length) is equal to L/3 (half-span length), the Mode I contribution is equal to
zero, thus the test is in pure Mode II. For the Mode I data reduction, the three methods
(Modified Beam theory, Compliance Calibration and Modified Compliance Calibration)
presented in the standard [23] showed similar results and the Compliance Calibration
Method was chosen to reduce the data. For the MM and Mode II data reduction, the
equations proposed (Eq. A.11 and A.2) in the standard [22] were used, as they take into
account delamination/disbond length corrections and the lever arm weight. The crack
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length correction parameter x was calculated according to the standard [22], using the
properties of the adherend (Aluminum).

Figure A.2: Test details.
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Piano hinges were fastened to the adherends for the specimen loading (see Fig. A.1).
During the fatigue test, the maximum and minimum displacement were kept constant,
the load ratio was set as R=0.1 and the frequency was 5 Hz. The fatigue tests were
conducted in the region II of the crack growth rate, usually described by the Paris
relation or a variant of it. Prior to the fatigue loading, Mode I loading was applied to
increase the crack length. This procedure guarantees a sharp crack tip and reduces the
influence of the Teflon film. For the fatigue tests, the initial crack length was between
50mm and100mm.

A minimum of three samples was tested in each of the mode ratios evaluated. Dis-
bond growth was monitored visually by observing the location of the disbond tip at the
side of the specimen. After a certain number of cycles the test was stopped, a picture
was taken and the test was continued. Subsequently, the pictures were analyzed and
the crack tip determined. A compliance method to determine the crack length was not
used because the crack length points acquired visually were sufficient to obtain the crack
growth curve, and also to avoid the use of a transfer function. A thin layer of white
paint was added to the side of the specimen prior to testing to improve the contrast
between the specimen and disbond, aiding in visual detection (e.g. in Fig. A.3). The
disbond growth rate was calculated using the Incremental Polynomial Method [24] with
seven successive data points and a second order polynomial equation. After the fatigue
test, the specimens were dismantled, coated with gold and observed in the Scanning
Electron Microscope (SEM) with magnification from 50x to 10.000x.
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Figure A.3: Ezxample of white paint use to enhance the contrast between the specimen
and disbond tip.

A.3 Results and discussion

The total average thickness of the samples was 12.24+0.03 mm for the supported adhe-
sive and 12.2540.03 mm for the unsupported adhesive. As the adherends thickness is 2
x (6.01£0.01)mm and came from the same sheet, the thickness of the adhesive layer is
approximately 220 ym and 230 pm, for the supported and the unsupported adhesives,
respectively. So, the bond line thickness in both cases measures approximately the
same as the nominal thickness of the adhesive film. Consequently, the manufactured
specimens achieved sufficient similarity for comparison.

The critical strain energy release rate in Mode I measured was G. = 1780£200N /m.
Grrc and G. for MM conditions were not possible to obtain due to plasticity in the
adherends.

A.3.1 Mode I fracture behavior

The Mode I fatigue results are presented in Fig. A.4. The data is displayed in a semi
logarithmic scale and not in the generally used log-log scale for fatigue results. The
semi logarithmic scale was chosen to highlight differences that would seem minimal in
the log-log scale, particularly in MM and Mode II. Additionally, the graph presents the
data as a function of (vVGmaz — \/Gmm)2. This parameter was chosen to remove the
dependency of the mean load and maintain the dependency only of the load amplitude
[25]. As can be seen in Fig. A.4, there is no significant difference between the disbond
growth rate of the supported and the unsupported adhesive.
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Figure A.4: Fatigue disbond growth results for Mode I loading. The supported and the
unsupported adhesives present similar results.

Mode I disbond, similarly to Mode I delamination, is characterized by the coalescence
of micro cracks ahead of the crack tip. The micro cracks can grow in different directions
and they coalesce, forming the main crack. The different manners the micro cracks
coalesce form different features as scarps or feather pattern [26].

Figure A.5 shows the fracture surface of the supported and unsupported samples
where both features can be observed. The fracture surfaces show similar features and
the main difference is in the carrier region, which results in an imprint on the surface.
These observations indicate that the carrier does not significantly affect the fracture
mechanisms on the bonded area. However, the carrier could reduce the effective bonded
area, as the imprints indicate a discontinuity in the contact between the adhesive and
the adherend. The smaller bonded area would result in a reduced fatigue resistance for
the supported adhesive. However this effect may be too small to be observed in the
present test.
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Figure A.5: Comparison between the Mode I fracture surfaces. Top right black arrows
indicate the main disbond growth direction.

After the fatigue test, the carrier was almost detached from the adhesive, leaving few
fragments on the surface. On the fragments observed, one can notice damage on the
carrier fibers (see Fig. A.6) with transverse cracks and parts of the carrier fiber that
were pulled apart. Similar cracks were reported by Jablonski [20] and they were related
to the cyclic load the fibers bear while they are bonded to both sides of the sample.
These new failure mechanisms should increase the fatigue resistance, helping to explain
the higher fatigue resistance observed by Sancaktar [19] on the supported adhesive.
However, for the adhesive system under investigation, the effect of the reduced bonded
area is probably counterbalanced by the effect of the new failure mechanisms added by
the carrier presence, resulting in similar disbond growth rates (Fig. A.4).
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Figure A.6: Carrier fiber failure - Arrows indicate cracks on the carrier fiber and
parts of the fiber that were pulled apart..

A.3.2 Mode II fracture behavior

Figure A.7 presents the fatigue results for Mode II loading. From these results one can
conclude that for higher load amplitudes (v/Gmaz —V/ Gmm)2 > 800N /m) the supported
adhesive has a greater resistance to fatigue loading.
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Figure A.7: Fatigue disbond growth results - Mode II loading.

Similarly to Mode I failure, Mode II disbond is characterized by the coalescence of
micro cracks ahead of the crack tip. The main difference is the plane in which the micro
cracks initiate. While for Mode I they initiate parallel to the bond line, for Mode 11
the micro cracks grow in planes inclined 45° from the bond line plane. These inclined
planes can be found by resolving the principal stresses on the adhesive [27]. Under
static loading the inclined planes can coalesce forming cusps and under fatigue loading
they can form rollers [28]. In addition, vertical cracks can also be observed [26].

The fracture surfaces are presented in Fig. A.8 and rollers and vertical cracks can
be observed in both supported and unsupported adhesives. So, the carrier does not
seem to affect the mechanism proposed for the rollers and vertical cracks formation

(Fig. A.9) [26].
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Figure A.8: Comparison between the Mode II fracture surfaces. Top right black ar-
rows indicate the main disbond growth direction.

However, the carrier may induce a new failure mechanism, as the observed crack
jump. The shear stresses, produced by Mode IT and MM loading, results in a principal
stress that is inclined in relation to the adhesive plane. The micro-cracks are created
and tend to extend in a direction perpendicular to principal stress [27]. So, in the
presence of Mode II, the main crack deviates from the center of the adhesive layer,
until it reaches a complex stress state close to the adherent, where the crack deviates
and grows parallel to the adherent. Specifically, in a MMB test they extend in the
upper right direction until they reach the vicinity of the upper adherend. In the post-
mortem examination this results in a significant difference between the upper and lower
adherend. One adherend (the lower in a MMB) has a thick layer of adhesive, and the
other (the upper in a MMB) has a thin layer of adhesive [27]. Figure A.8(b) shows the
lower surface of the sample and it exemplifies this feature. Most of the surface presented
is covered by a thick layer of adhesive. However, when the main crack gets close to the
carrier the crack jumps to the lower surface (Fig. A.11). At the lower surface the crack
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Figure A.9: Roller and vertical cracks formation model for Mode II fatigue loading
[26]. The shear stress produces tilted cracks close to the main crack.

The main crack grow competes with the tilted crack grow, forming either
rollers or vertical cracks.

presents locally both Mode I and Mode II failure characteristics (Fig. A.10) but it is
not possible to determine if the rollers were generated at that specific location or if they
were generated in different areas and moved during the fatigue process. Consequently,
the carrier is probably inducing Mode I locally, thus modifying the failure mechanism.

— 10um JEOL
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3/13f2513
WD 13.4mm 10:46:49

Figure A.10: Crack jump detail. White arrows indicate local Mode I features and
black arrows indicate local Mode II features.
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Figure A.11: Crack jump Model - top right arrow indicates the main crack growth
direction.

This new failure mechanism helps to explain the difference in the fatigue disbond
rate. At the crack jump, a larger area is created than it would be without the crack
jump. So, the crack requires more energy, reducing the crack growth rate. Additionally,
the carrier fibers are usually broken in Mode II (see Fig. A.8(b)). This indicates the
fibers bear loads when the adhesive is subjected to Mode II loading, reducing the load
applied on the adhesive and reducing the disbond growth rate.

A.3.3 Mixed-Mode fracture behavior

Figure A.12 presents the fatigue results for MM loading. As in Mode II, for higher
loads the supported adhesive presents a higher resistance to fatigue loading.
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Figure A.12: Fatigue disbond growth results - MM 50% loading.

Mixed-Mode disbond is characterized by a mix of Mode I and Mode II features, the
amount and the presence of each depending on the mode ratio [26]. The angle at which
the micro cracks grow depends on the mode ratio and it varies from 0° to 45°. Close to
45° (high Mode II) rollers and vertical cracks are expected and close to 0° scarps and
feather pattern are expected.

At a MM of 50%, the supported adhesive presents a fracture surface that is mostly
similar to a Mode I fracture, with only a few rollers in an initial formation stage and
some vertical cracks (Fig. A.13(d)). The crack jumps seen for Mode II were also
observed in MM loading. Crack jumping occurred for all mode ratios evaluated (from

20% to 90%).
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crack jumps.

~ 100pm 11/12/2012
5.0k LEI  IM WD 13mm

(¢) Unsupported 200x White arrows in- (d) Supported 200x White arrows indi-
dicate Mode I features and vertical black cate Mode I features and vertical black ar-
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Figure A.13: Comparison between the MM fracture surfaces. Top right black arrows
indicate the main disbond growth direction.

Apart from the presence of the crack jump, the unsupported adhesive surface
presents another major difference from the supported one. The amount of rollers and
vertical cracks is higher in the unsupported adhesive. This observation supports the
hypothesis that the carrier bears Mode II loads. At a MM of 50% of Mode II the
carrier supports a part of the Mode II load applied to the adhesive layer, resulting in
a reduced Mode II component on the adhesive itself. This results in a smaller mode
ratio observed by the adhesive itself than the mode ratio imposed to the sample, and
it also explains the reduced amount of Mode II features in the supported adhesive.

A.4 Conclusions

This study investigated the effect of a nylon scrim cloth as a supporting system on
Mode I, Mode II and Mixed-Mode fatigue failure properties of FM-94. The major
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conclusions are listed below.

e Under Mode I, the carrier did not show any significant influence on the disbond

growth rate and on the fracture surface but a new failure mechanism - carrier
fibers failure - was introduced;

e Under Mode II, the carrier reduced the disbond growth rate by introducing two

failure mechanisms, the crack jump and carrier fiber failure;

e Under Mode II, the carrier bears part of the load, reducing the load applied to

the adhesive and reducing the crack growth rate;

e Under Mixed-Mode, the carrier reduced the disbond growth rate and the fracture

surface presented the same new failure mechanisms observed in supported Mode
IT sample;

e Under Mixed-Mode, the carrier bears part of the Mode II loading, reducing the

mode ratio and the load applied on the adhesive itself.

Therefore, additionally to the thickness control, the presence of the carrier has a
positive influence in bonded joints under fatigue loading as it either improves or doesn’t
modify the fatigue disbond growth properties of a metal-to-metal bonded interface.
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B Paris relation coefli-
cients and confidence
interval calculations

B.1 Determining the coefficient ' with a fixed
m for the Paris Relation
As developed in Chap. 3, in order to find the parameters of a function that will fit

experimental data a parameter must be minimized, usually the sum of the squared
errors. So, for a linear function (f(z) = a.z + b), where the a is fixed:

R=Y (i — f(2:))"] = > _[(yi — (azi + 1)) (B.1)

n

So, the minimum R is obtained when:

OR
5 = 0 (B.2)
OR
5 = E —2.[ys —ax; —b =0 (B.3)

n

Zyi—a-zxi—zbzo (B.4)

b: Znyl_a‘z:nxl

n

Similarly, for a power function with a fix m:

R=Y [y — f(@:))’] = Y _l(yi — Cai")?] (B.6)

n
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= =) 2.2 [(yi — Cai")] =0 (B.7)

Zx;”yl — ZCQEZ"J:;” =0 (B.8)

¢ = 2n Y (B.9)

B.2 Prediction interval of a new of a future ex-
perimental point with a fixed m

In order to obtain the prediction intervals in these work, one must first linearize the

experimental values for fatigue crack growth, i.e., apply the log. So, the experimental

points can be approximate by a linear regression. The prediction interval of a new
experimental point (yo) can be determined in a linear regression by [1]:

Yo— A<y <7ot+A (B.10)

Where g is the expected value from the regression analysis, yo = f(z0) = a.zo + b,
and A is defined by the function:

— 7)2
A =tosm 2| MShes. (1 + % + (““’S‘r)> (B.11)

a is the confidence interval, n is the number of experimental points, t,/2,n—2 is the
percentage point of the t-Distribution, Z is the average value of the experimental points
z;, and Sz, and M Sg.s are given by:

Soe =3 () - (inf/n (B.12)

MSRes = M (B13)
n— 2
In a case where one of the coefficients is fixed, e.g. the slope (a), the degree of
freedom is reduced from 2 to 1, so, Eq. B.11 and B.13 must be adjusted as:

1 Y
A = tojzn 1| MSkes. <1 +ot M) (B.14)

Zalyi = J(@0) (B.15)

M es —
Sk n—1
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The use of Eq. B.10 gives an interval for an expected yo for an input xo. If one
applies this equation to a range of x values, one would obtain two curves that limit
the range of expected values for y. Figure B.1 presents an example of the use of this
method. The data used in this example refer to the MR=50% from Chap. 3.
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Figure B.1: Fuatigue crack growth behavior as a function of principal stress.

The limits of the 95% interval can not be represented as a straight line in a graph
log-log, i.e., the function describing the interval is not a power function. However, it can
be approximated by a power function. If one fix the exponent of the power function,
to the same value as the one used to fit the data, a maximum and a minimum value of
C can be obtained.
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C  Fatigue disbond growth
predictions for the SLJ

specimens

This appendix presents the fatigue disbond growth (FDG) predictions for the remaining

specimens presented in Chapter 6.
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Figure C.1: FDG prediction for both disbond tips of a SLJ - specimen 1.
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Figure C.2: FDG prediction for both disbond tips of a SLJ - specimen 3.
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Engineers are increasingly attempting to reduce the weight of aerospace
structures. More efficient materials and joining techniques can offer a
similar performance for a lighter structure. In this scenario, adhesively
bonded metallic parts can significantly improve the fatigue behavior of the
joint over mechanical fasteners.

This research seeks to contribute to the knowledge on Mixed-Mode fatigue
disbond failure mechanisms and, based on the mechanisms identified,
develop a model to predict fatigue disbond.
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