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Chapter

INTRODUCTION

# goal without a plan
o just a wish.

Autocne de Sacut Exwpery
(7900-794%)

ibre Metal laminates consist of alternating layers of unidirec-

tional impregnated fibre lamina and thin metallic sheets adhe-

sively bonded together, as shown in Figure 1.1. FMLs are hy-

brid materials having better mechanical and damage tolerance
properties than the individual constituents. FMLs have been developed pri-
marily for aircraft structures as a substitute to high strength aluminium al-
loys. To manufacture FMLs, a stack of plies is cured at elevated temperature
and pressure. This curing process results in residual tensile stress in metal
layers and compressive stresses in fibre layer. Post-stretching is sometimes
used to reverse this un-favourable residual stress distribution by plastically
deforming the metallic layers. This technique improves the fatigue crack
growth properties but can only be applied to uni-directional FMLs. Uni-
directional FMLs are mainly used in stringers and straps [1].

In the past, FMLs have been thoroughly investigated especially in the area

1



2 INTRODUCTION

of fatigue crack growth and related mechanisms [1]. Major part of these
investigations [2] concern Constant Amplitude (CA) loading in order to un-
derstand the basic phenomena followed by limited work dealing with Va-
riable Amplitude (VA) loading [3-6]. This suggests that the behaviour of
FMLs under VA loading needs to be further investigated.

At Delft University of Technology, intensive research has been done in order
to study the different fatigue related phenomena of FMLs. In 1988 a fatigue
crack growth prediction model for ARALL was developed [7] followed by
another more accurate and generic model in 2005 [8]. The second model is
capable of predicting fatigue crack growth, bridging stress distribution and
delamination shape (profile) under CA loading.

Figure 1.1: A typical Fibre Metal Laminate Lay-up [8]

1.1 Scientific Research Motivation

FMLs are developed mainly for aerospace applications [9-12]. In service
they will be subjected to variable amplitude (VA) loading ranging from simple
overloads to more complex loadings (e.g. take-off/landing, gust, etc.).

Constant amplitude (CA) prediction methods can be used to predict the fa-
tigue crack growth of a structural component under VA loading. Beum-
ler [13] has discussed spectrum factors to translate the full spectrum into
a CA load sequence using equivalent stress. But there are some issues:

1. Predicting the crack growth for VA case with CA test using spectrum
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factors [13] remains an intelligent guess. The confidence level of these
VA predictions can be covered by increasing the safety factor. This
safety factor may solve the issue but at the cost of weight, due to over-
designed components.

2. In addition, crack growth retardation due to crack-tip plasticity and
other VA loading related phenomena will not be addressed in the CA
case. If crack-tip plasticity is not considered, spectrum factors can only
be determined for each VA separately by tests. No generic factor can
be determined without understanding the VA sequence effects.

In order to develop a generic prediction model, addressing the above men-
tioned issues, it becomes necessary to develop the understanding about the
fatigue and crack growth phenomena existing in FMLs under VA loading.

After acquiring detailed understanding of phenomena in FMLs under VA loa-
ding, the next step is the development of an analytical prediction model.
However, it is necessary to think about the OEMSs’ concern in the prediction
model. OEMSs’ need an effective and efficient prediction model requiring
less processor time.

1.2 Initial Research Problem & Framework

To come to a prediction model for VA loading in FMLs, all related aspects
need to be investigated.

The main question addressed in this thesis is: Which aspects related to ar-
bitrary load sequences have an additional effect on the currently identified
fracture mechanisms? How should these influences be described, with prac-
tical constraints of an effective, efficient and simple prediction model.

The research is detailed into specific questions

1. When only delamination growth is considered, can any additional in-
fluence be observed attributed to arbitrary loading? If so, how can it
be accounted for in the prediction method?

2. When considering the combination of crack-delamination growth, can
the information acquired in step-1 explain observations on delamina-
tion. If not, what are additional influences?

3. How does the methodology for VA fatigue in the end, relate to CA
fatigue? Does it require reconsidering the knowledge on CA?
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4. Considering crack growth, will metal in FMLs behave similar to mono-
lithic metal under VA fatigue? Can the contribution of hybrid lay-up
be quantified in the methodology?

To answer all these questions, a combined experimental-analytical approach
has been adopted. Fatigue crack growth and delamination growth tests have
been performed to understand the mechanisms or the interaction of different
mechanisms in FMLs under VA loading. For delamination study, delamina-
tion growth (db/dN) and delamination shape have been investigated. In or-
der to investigate delamination growth independent of fatigue crack growth,
double-crack lap shear specimens have been used. While for delamination
shape, centre crack tension specimens have been used. In addition, digital
image correlation (DIC) has been used as strain measurement technique to
observe the delamination shapes in-situ testing. For fatigue crack growth,
centre crack tension specimens have been tested under selective VA loading
and flight spectrum loading. This delamination and fatigue crack growth
observations and understanding is used in the development of an analytical
prediction model for VA loading.

1.3 Structure of this Dissertation

Chapter 2 briefly introduces FMLs and relevant fatigue mechanisms. In ad-
dition the significance of VA loading is also explained in this chapter.

Details about the delamination growth specimen, procedure and setup as
well as discussion of the results are given in chapter 3.

Detailed investigation of the effect of VA loading on the delamination shape
is given in chapter 4.

Chapter 5 presents the investigation of the behaviour of metal layers in
FMLs. The comparison is performed based on crack tip plasticity analysis.

The development of an Analytical prediction model for FMLs under VA loa-
ding, using all the above research is given in chapter 6. Followed by the
development of a sub-routine to predict the fatigue and delamination in
post-stretched FMLs, given in chapter 7.

The final chapter outlines the conclusions and recommendations for research
in the future.
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Chapter

FIBRE METAL LAMINATES

The moat difficalt part was deciding where to begin read.
The booksticlues extended out of sight, their i Z

cnformation

streteliing as if to eteructy.
by Brandon Sanderson
(1975-)

This chapter provides the a brief introduction on Fibre Metal Laminates, their main characte-
ristics, manufacturing and inspection process. In addition, the major phenomena observed in
the fatigue mechanisms of Fibre Metal laminates are discussed. Finally, Variable Amplitude
loading and its effect on the crack growth is discussed.

1) ooking at the history of FML development, it seems that the
main driver of the development is the available expertise and
knowledge on metal combined with the identified benefits of
composite materials. Research on application of fibres to the

bond line has been started in seventies at Fokker facilities, Netherlands [1].
At the same time, the favourable behaviour of laminated aluminium sheets
has been identified at Delft University under CA loading [2]. In 1978, FMLs
having carbon and aramid fibres have been tested under flight spectrum loa-
ding, to study the effects of different fibres [3]. These tests showed quite
promising results. During the development phase different fibre types were
used to find the optimal solution for the aircraft industry. Table 2.1 high-

7
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Table 2.1: Identified advantages of various fibres for FMLs

Fibre Advantage Disadvantage Available
laminates

Aramid low weight low strength ARALL [5]

Glass high strength high weight GLARE [6]
high failure strain low stiffness

Carbon low weight low failure strain TIGr [7]

’ high stiffness corrosion issue CARALL [8]
high strength expensive

Table 2.2: Commercially available fibre metal laminates

Grade Metal Metal Fibre Fibre Stretched Characteristics
type thickness  layer direction
(mm) (mm) ©) %
1 7075-T6 0.3 0.22 0/0 0.4 Fatigue, strength
2 2024-T3 0.3 0.22 0/0 0.0 Fatigue, formabi-
lity
ARALL 3 7475-T76 0.3 0.22 0/0 0.4 Fatig_uer strength,
exfoliation
4 2024-T8 0.3 0.22 0/0 0.0 Fatigue, elevated
temperature
1 7475-T61 0.3-0.4 0.266 0/0 0.4 Fatigue, strength,
yield stress
2 2024-T3 0.2-0.5 0.266 0/0,90/90 0.0 Fatigue, strength
3 2024-T3 0.2-0.5 0.266 0/90 0.0 Fatigue, impact
4 2024-T3 0.2-0.5 0.266 0/90,/0,90/0/90 0.0 Fatigue, strength
GLARE in 0/90 direction
5 2024-T3 0.2-0.5 0.266 0/90/90/0 0.0 Impact
6 2024-T3 0.2-0.5 0.266 ~ +45/-45,-45/+45 0.0 Shear, off-axis
properties

lights the advantages and disadvantages of various fibres. While the activi-
ties regarding the optimization of this new material concept were terminated
at Fokker, Delft University continued its research. Details about the deve-
lopment of FMLs are well documented in [4].

ARALL (Aramid Reinforced Aluminium Laminate) was the first FML com-
mercially available for the aircraft industry [9]. In 1983, two grades of
ARALL were commercialized, but later in 1987 two more grades were re-
leased (details about these grades are shown in table 2.2). Despite the ad-
vantages, the McDonald-Douglas C-17 aft cargo door was the only major
application for ARALL [10]. Major drawbacks of ARALL were fibre micro-
buckling, premature failure when subjected to compressive loads and mois-
ture absorption [11].

In 1987, on-going research for the development of an optimal FML resulted
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in a successor of ARALL, named GLARE (GLAss-REinforced). In GLARE high-
strength glass fibres are either present in 0°, 90°, 45° or in a combination
(detailed in table 2.2). Instead of ARALL, GLARE is currently applied in
the aircraft industry [12, 13] because of the better mechanical and damage
tolerance properties, especially under flight (spectrum) loading.

2.1 Nomenclature of FMLs

Similar to a traditional composite, different FML lay-ups are possible and
to identify or categorize these laminates, a coding system is preferred. This
coding system is important for design, production and material qualification.
The code for an arbitrary laminate is

GLARE Ax-B/C-t
where

A defines the grade of the laminate as defined in Table 2.2

x gives information on the prepreg ply orientation with respect to loading
direction

B indicates the number of aluminium alloy plies

C indicates the number of glass fibre prepreg plies

t indicates the thickness of the aluminium alloy layers

For example, GLARE 3- %5/4 - 0.3 is Glare 3 with 5 metal and 4 prepreg
layers. The metal layers are 0.3 mm thick.

2.2 Properties of FMLs

FMLs have a number of advantages when compared with conventional alu-
minium alloys or even fibre reinforced plastics. FMLs have a superior crack
growth rates and fatigue performance which allow long inspection intervals.
In comparison to composites, they offer simple maintenance methods, easy
inspection during service, higher impact resistance and less environmental
degradation.

Unlike ARALL, GLARE has good fatigue properties in combination with com-
pressive loading [5]. Beside the excellent fatigue characteristics, GLARE also
has good impact and damage tolerance characteristics [14]. In addition,
the fibre/epoxy layers act as barriers against corrosion of the inner metallic
sheets, whereas the metal layers protect the fibre/epoxy layers from picking
up moisture. The laminate has an inherent high burn-through resistance as
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well as good thermal insulation properties. Some of the advantages of fibres
used in FMLs are shown in Table 2.1.
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Figure 2.1: Residual stresses in aluminium layers as function of temperature [15].

2.3 Manufacturing Process

The aluminium layers in GLARE have a thickness of 0.3 - 0.5 mm and are
pretreated before being laminated into a panel. This pre-treatment consists
of chromic acid or phosphoric acid anodizing and subsequent priming with
BR-127 adhesive systems [17]. The fibres are delivered as a prepreg inclu-
ding the FM 94 adhesive system from Cytec [18].

The aluminium and prepreg layers are bonded together in an autoclave cu-
ring process at an elevated temperature of 120°C at a maximum pressure
of 6 to 11 bar. This implies that the layers are bonded together at a high
temperature and are cooled down in bonded condition. As a result of the
difference in coefficients of thermal expansion, given in Table 2.3, the alumi-
nium layers want to shrink more than the prepreg layers. Assuming a rigid
bond between the aluminium and prepreg layers during cooling, this results
in tensile residual stress in the aluminum layers and compressive residual
stress in the prepreg layers.
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Table 2.3: Mechanical properties of Aluminium 2024-T3 and Prepreg S2/FM94 [16]

Unit 2024-T3 S2-glass, FM-94
| Fibre axis | L Fibre axis

Thickness of | mm 0.3 0.133
single layer
Young's Modulus MPa 72,400 48,900 5,500
Shear Modulus MPa 27,600 5,550
Poisson’s ratiovyy - 0.33
Poisson’s ratiovyy - 0.33 0.0371
Thermal ~expan- || \56c-1| 6.1 26.2
sion coefficient
Curing tempera- °C ~ 120
ture

2.4 Post Stretching

Figure 2.1 shows that cooling down results in a tensile stress in the alumi-
nium layers, of which the magnitude depends on the lay-up. This residual
stress is unfavorable for fatigue loading. The stress allows an increased crack
opening and so enlarges the stress intensity factor at the crack tip.

Post-stretching of cured fibre-metal laminates is sometimes performed to
overcome potential negative effects of these residual tensile stresses in the
metal layers. The residual tensile stress in the aluminium layers can be re-
versed into a compressive stress by yielding the laminate to a small (positive)
strain percentage. It has been proven to have a beneficial effect on the fa-
tigue properties [ 15, 19]. Post-stretching can be seen as a means to alter the
internal stress distribution in the laminates to obtain desirable properties.
The post-stretching mechanism is illustrated in figure 2.2. Further detail has
been provided in the Chapter 7.

2.5 Inspection & Quality Control

The ultrasonic C-scan method can be applied to inspect and verify the quality
of manufactured GLARE panels. This method is a non-destructive inspection
method and it can detect disbonds and porosities within a laminates [18].
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Figure 2.2: Illustration of post-stretching process with stress and strain curves

The objective of non-destructive inspection method is to determine whether
the scanned panel can be accepted or should be rejected.

The defects in GLARE panels can be due to foreign material contamination,
like wrapping foils, raw material contamination, such as glass splinters, or
porosities or delaminations due to air inclusions. This C-scan method is also
used to detect any positioning error in case of splices or doublers or even the
fibre orientation.

To accept or reject a GLARE panel based on C-scan evaluation, it is necessary
to establish certain criteria. As mentioned by Van Meer and Coenen [18],
effect of defects, static and fatigue tests should be done to investigated the
effects of any defect.
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Figure 2.3: Crack bridging of the fibres and delamination of the layers

2.6 Fatigue in Fibre Metal Laminates

2.6.1 Fatigue Crack Propagation

In FMLs, fatigue crack propagation can be divided into two main mecha-
nisms: crack propagation in metal layers and delamination at the metal-
fibre interface. In reality, both of these mechanisms form a balanced and
so-called coupled process. These mechanisms are shown in figure 2.3.

The fatigue crack growth behaviour in FMLs can be described with Linear
Elastic Fracture Mechanics (LEFM). This implies that, like monolithic me-
tals, the crack growth rate in FMLs is related to a crack-tip stress intensity
factor. But it is not that simple, because in FMLs the crack-tip stress in-
tensity factor is influenced by the contribution of bridging fibres, which is
effected by the delamination at the fibre-metal interface.

When the cracks in the metal layers start growing, the fibres remain intact in
the wake of the crack. These fibres provide a path of the load transfer over
the crack and restrain the crack from opening. As a consequence, less load
needs to be transfered around the crack-tip in the metal layers, resulting in
a lower crack-tip stress intensity factor.

During fatigue crack growth in the metal layers, a continuous stress distribu-
tion around the crack in each layer and shear stresses at the interface occurs.
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This redistribution, results in an almost constant crack-tip stress intensity
factor during major part of the crack growth life. The fibre bridging mecha-
nism depends on a number of factors, such as the stiffness and thickness
of each individual layer, the number of metal-fibre interfaces, the direction
of each fibre-adhesive layer with respect to the loading direction, the ap-
plied loading, the crack configuration (surface of part through cracks) and
the environmental conditions (temperature) [20].

Delamination growth is a process in which the layers adjacent to the cracked
metallic layers delaminate due to the cyclic shear stresses that occur, because
of load transfer at the fibre-metal interface [21]. No stresses occur between
the layers in the delaminated area. But the stress relaxation will occur in
the fibre layers itself [22]. The advantage of delamination growth is the fact
that the increase in the length of the bridging fibres reduces the strains and
stresses in the fibres, preventing fibre failure.

In the following sections, these mechanisms will be discussed in detail.

2.6.2 Crack Bridging and Restraint on Crack Opening

The fibres in FMLs are insensitive to fatigue. They transfer a significant
part of the load over the crack and restrain the crack opening, as shown in
figure 2.3. Due to this restraining, the crack opening in GLARE is smaller
as compared to monolithic metal. The amount of load that is transferred
around the crack in the metal layers is smaller due to the transfer of the
major part through the fibres, over the crack. This mechanism results in
smaller crack-tip stress intensity factor as compared to monolithic metal, for
equal crack length and applied load. Moreover, the crack-tip stress intensity
factor is not significantly influenced by the increase of the crack length which
is contrary to what is observed in monolithic metals.

Crack bridging becomes maximumly effective after a certain crack length is
reached, which means, after the crack opening displacement reached a cer-
tain magnitude. A small crack opening means low strain in the fibres and
as a consequence low bridging stress. Therefore, the fibre bridging and the
restraint on crack opening will be small for small crack lengths, but will be-
come effective after the crack length reaches a certain size [21, 22].

2.6.3 Delamination at the Interface

Marissen [21] has reported that crack opening during the crack propagation
phase is due to the two main factors:

e Fibre elongation in the delamination area (Figure. 2.4(a)).
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e Adhesive shear deformation (Figure. 2.4(h)).

In addition, Guo and Wu [23], mentioned the deformation of metal layer
(Figure. 2.4(c)), but assumed it to be insignificant in comparison with the
other two factors.

The cyclic shear stresses at the metal-fibre interface due to the load transfer
from the metal to fibre layers are causing this delamination growth. The
magnitude of cyclic shear stress is determined by the material and loading
parameters, such as the thickness and stiffness of the individual layers, the
lay-up, the fibre orientation in the prepreg, and the minimum and maximum
applied stress.

In addition to the level of these cyclic shear stresses, the delamination growth
rate depends on the delamination resistance of the prepreg. Increasing the
delamination resistance provides better fibre bridging [21].

During loading, when the crack-flanks are opened in aluminium layer, the
intact fibres are elongated over the delamination length. This means for a
given crack opening, that the delamination length determines the strain and
thus the stress in the fibre layers. Large delamination lengths result in small
bridging stresses, with small cyclic shear stresses at the interface inducing
small delamination growth rates. In other words, the delamination growth
rate and the bridging stress are in balance, continuously influencing each
other.

The bridging stress also contributes to the stress intensity factor at the crack
tip in the aluminium layers, which determines the crack growth rate. High
bridging stresses along the crack result in low stress intensities at the crack
tip and thus small crack growth rates.

This means that the fatigue crack growth mechanism in Glare is characterised
by the processes of crack growth in the aluminium layers and delamination
growth at the interfaces, which continuously influence each other. The ra-
tio between crack length and delamination length depends on the laminate
lay-up and on the crack growth characteristics of the aluminium and the
delamination resistance of the interface.

2.6.4 Adhesive Shear Deformation

Besides the elongation of fibres, Marissen attributes a part of the crack ope-
ning to the deformation of the adhesive rich layers in the prepreg in Arall.
Due to fibre bridging, the load has to be transferred from the aluminium
layers to the fibre layers through the interface. This results in shear stresses
at the interface, inducing shear deformation of the adhesive rich layer.
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Marissen concluded that in the ideal situation of an infinitely stiff adhe-
sive between the layers, the crack opening and the stress intensity factor
would be zero for a laminate without a starter notch and without delamina-
tion. However, in the actual situation due to local shear deformation of the
adhesive, some crack opening will occur. This is schematically represented
in Figure 2.4(b). As result of the slightly opened crack, the stress intensity
factor in the aluminium layers is no longer zero.

In the above discussion, the effect of delamination was neglected. If dela-
mination of the layers occurs, the length over which the fibres will elongate
increases, resulting in lower fibre stresses. The situation, however, will be
qualitatively the same.
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Figure 2.5: Schematic of crack growth retardation following an overload in me-
tals [24]
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2.6.5 Effect on Fatigue Performance of FMLs

The fatigue crack growth behaviour of Glare was described with the stress
intensity factor approach in a qualitative way. The argument of this thesis is
that the stress intensity factor at the crack tip determines the crack growth
rate in the aluminium layers. Control of the stress intensity factor means
control of the crack growth rates in the Glare material. The stress intensity
factor at the crack tip can be reduced by [21]

e Increasing the stiffness of the fibre layers. This can be obtained by
applying fibres with a higher Youngs modulus, or by increasing the fibre
layer thickness or by increasing the fibre volume fraction within the
prepreg. The bridging stresses in these cases will be higher at the same
crack opening displacement.

e Decreasing the stiffness of the aluminium layers by decreasing the thi-
ckness of the aluminium layers.

e Increasing the delamination resistance. The delamination areas will
be smaller, resulting in higher bridging stresses and thus lower stress
intensities.

e Increasing the adhesive or prepreg shear stiffness, which restrains the
crack opening more and lowers the stress intensity at the crack tip. In
general, the fatigue characteristics of Glare can be enhanced by opti-
mization of the laminate with respect to fibres and adhesives in com-
bination with the laminate lay-up.

2.7 Variable Amplitude Loading

The retardation effects on crack growth resulting from a single overload cycle
is illustrated in Figure 2.5. During the overload cycle, yielding of the ma-
terial near the crack tip occurs, creating a large plastic zone [25-31]. Due
to the presence of this plastic zone in front of the crack-tip, surrounded
in an elastically deformed region, the crack-tip experiences a squeezing ef-
fect, which results in the development of residual compressive stresses at
and around the crack-tip. The compressive stress field reduces the avai-
lable crack-tip driving force and causes a significant reduction in fatigue crack
growth rate [26, 28, 32]. The crack retardation zone, i.e. the crack extent
over which retardation of crack growth is experienced, may be characteri-
zed by parameters, ap (overload affected total crack length) and Np (delay
cycles), and is schematically represented in figure 2.5. After the crack has
grown heyond this region, the crack growth rate returns to its original rate
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in the absence of other retardation effects. This is the typical phenomenon
observed in metals, however, FMLs having metal as a constituent show the
same retardation phenomenon but presence of fibre reduce this effect.

2.8 Fatigue Crack Growth Retardation Model

2.8.1 For metals

Fatigue crack growth retardation models can be divided into two main ca-
tegories: those based on crack growth through a plastic zone ahead of the
crack tip and those based on crack closure in the wake of the crack (see Fi-
gure 2.6). Early interaction models were based on crack-tip plasticity which
was assumed to be the major cause of fatigue crack growth retardation. A
well-known and simple model of this category is the Wheeler Model [33—
47]. These crack-tip plasticity models were followed by the advance and
complex fatigue crack growth prediction models based on the crack closure
in the wake of the crack as the major cause of fatigue crack growth retar-
dation. These models are categorized in semi-empirical models (such as
ONERA, PREFFAS and CORPUS) and Strip-yield models. Details on these
models are given in [48]

FATIGUE CRACK GROWTH RETARDATION
MODEL

Based on Crack Closure due to

Based on Crack Closure in the

Crack-Tip Plasticity Wake of the Crack

| | |
IWILLENBORG Model I ISemi-EmpiricaI Modelsl IStrip-YieId Modelsl

|
[CORPUS] [PREFFAS]

Figure 2.6: Classification of Fatigue crack growth retardation models

2.8.2 For FMLs

In FMLs, all the metal related phenomena are to some extent reduced due
to intact fibres. Because of this fact, a simple crack growth prediction mo-
del may be sufficient to predict the fatigue crack growth in FMLs under VA
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loading. This highlights that complex and advance models may not be requi-
red in case of complex materials like FMLs under VA loading. A simplified
interaction model (crack-tip plasticity) is used for fatigue crack growth pre-
dictions under VA loading in FMLs. The details about the crack-tip plasticity
model are discussed in this section.

2.8.3 Crack-Tip Plasticity

Accordingto the theory of elasticity, the stress at the tip of the crack becomes
infinite when a structure is loaded. In reality, the crack-tip becomes blunted
upon loading. Additionally, for a ductile material, the theoretical crack-tip
stresses exceed the yield strength of the material, gy, resulting in yielding in
front of the crack-tip. As a result, a zone of plastically deformed material of
theoretical size rp is formed ahead of the crack tip, as illustrated in figure 2.7.

When the cracked structure is loaded in tension the total elastic and plastic
strain within the plastic zone becomes larger than the elastic strain of the
surrounding material. During the subsequent unloading stage, the surroun-
ding elastic material acts like a spring that clamps the residual strain within
the plastic zone and exerts compressive forces on to the zone. As a result,
a zone of compressive residual stress ahead of the crack-tip is created after
unloading (from tensile applied stress).

y
|| Theoretical (Elastic)
oyy| ‘/Stress Distribution
\ Yielded, Redistributed

(Elastic-Plastic) stress

Plastic Zone

Blunted Crack

Figure 2.7: Schematic stress distribution at the crack-tip under tensile loading

The crack-tip plastic zone can also be viewed as the load interaction zone
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since the residual stress interferes with the applied stress to the crack-tip.
The interference of the residual stress with the applied stress is known to
have a significant effect on the fatigue crack growth rates of the structure
under VA loading. In the event of a tensile overload, a more extensive and
larger zone of compressive residual stress is created ahead of the crack-tip.
As the crack advances through the zone during subsequent fatigue cycles,
the compressive residual stress contributes to the well-known fatigue crack
growth retardation in the subsequent cycles following a tensile overload.

2.8.4 The Irwin Approach

Irwin made a simple estimation of the plastic zone along the crack plane for
elastic, perfectly-plastic materials. The simplest estimate can be made by
substituting 6 = 0 in

K 6 .6 . 30
ao,z_mcosi (l+sm§sm?> (2.1)

and solving for a distance, ry, at which oy = 0p 2, details about this equation
are given in [49-51]. This leads to the equation:

1/ K\?
fy=— | — 2.2
y 27'[(0'0,2) ( )

The distance ry is schematically illustrated in figure 2.7. This estimate of
plastic zone is incorrect, because it is based on an elastic stress distribu-
tion [49-51]. Figure 2.7 also shows the elastic-plastic stress distribution
with plastic zone size rp. The areas under elastic and elastic-plastic stress
distribution must be the same in order to satisfy force equilibrium in y-
direction. This condition can be met by making r, such that the following
equation is satisfied:

p
K|
dx— ggofy = Oga(rp—r 2.3
O/\/ﬁ 0.2y 0~2(P Y) ( )

Solving for rp gives:

rp:2ry:E <L>2 (2.4)
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Equation 2.4 is derived for plane stress condition. For plane strain condition

it can be modified as
1 1/ K\?
rp(,plstrain = érp = 5.[ <E) (2'5)

2.8.5 Description of Wheeler Yield Zone Model

According to Gallagher [52] and Schijve [53], the models that try to explain
the interaction effect by considering the condition in front of crack tip (plastic
zone) are labelled as Yield Zone Models. Wheeler [54] started this genera-
tion of prediction models involving interaction effects in the prediction of
crack growth.

The Wheeler prediction model uses the modified linear damage accumula-
tion relation,

a:ao—i-‘if(AK,r,..):aofiAai (2.6)

using a simple retardation parameter Cp,

a—ao+.iCpf(AK,r,..) 2.7)

The linear damage accumulation provides a prediction of VA fatigue life by
adding cycle-by-cycle crack growth increments Aa;, mathematically repre-
sented in equation 2.7. The modified crack length and crack growth rate
equations can be written as:

da n
= . cg
4, = CpCagBK (2.8)

where Cp varies from 0 to 1 depending on the location of the crack tip in a
previously created larger zone (rp oL in figure 2.1) and the plastic zone size of
the current load cycle rp;. The Cp is calculated using:

m
r.
= Qaa+r—,ri3L)—a4 when & +rpj <aoL +TpoL (2.9)

or
Cp=1 when ao.+rpoL <@ +Trpi (2.10)
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where rp; is the current plastic zone size, rpoL is the overload plastic zone
size, ag_ is the crack length at overloading, illustrated in figure 2.8. mis the
experimentally calculated exponent which depends on the stress level, the
crack shape as well as the load spectrum.

Wheeler assumed that m, once calibrated, can be used for other spectra.
But later it was shown that the accuracy of predictions will suffer if different
loading spectra are used with the same m value [33, 55]. For metallic
structures, the Wheeler model is unable to predict the phenomenon of crack
arrest after a high overload, because the predicted retardation factor imme-
diately after the overload will not be zero [35]. Secondly, the Wheeler model
did not recognize the occurrence of delayed retardation. Actually, the mo-
del assumes very simple crack growth behavior; whereas immediately after
application of peak loads the real phenomena are very complex.

A
Go,
Overload Effective
- Plastic Zone Oaxi Current effective
max AG plastic zone
Gmin
>

Figure 2.8: Relative sizes of plastic zones in the Yield Zone Models. [56]
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2.8.6 Modified Wheeler Model

In the original Wheeler model, the Paris equation is used for crack growth
calculation. A problem of the Paris equation is its dependency on the stress
ratio. To include the stress ratio effect in the CA crack growth prediction,
a number of equations have been proposed in the literature [57]. Gal-
lagher [52] used the Walker [58] crack growth relation, while Pereira et
al. [59] and Finney [33] used the Forman relation [60]. Here the Schijve
relation [61] (Equation 2.11) is used for the CA baseline stress ratio correc-
tion.

AKest = (0.55+4 0.33R+0.12R%) - AK (2.11)

The original Wheeler’s crack growth relation (Equation 2.8) is modified as

g—i:Cp~chAKeffn°g (2.12)

2.8.7 Crack closure models

Reversed Plastic Deformation

Monotonic Plastic Deformation

Figure 2.9: Plastic Zone

The occurrence of crack closure of a fatigue at a positive tensile stress level
after removing the load on the specimen is a physical reality [62]. In order
to be accurate, this phenomenon should be an essential element of a crack
growth prediction model. During crack growth, the plastic zone is moving
with the tip of the crack as well as increasing in size, figure 2.9. The same
will be true for the reversed plastic zone. This deformation involves elonga-
tion in the y-direction. As a result of this elongation the crack will close (at
least partly) during unloading, and after full unloading (P = 0) compressive
residual stresses will be present in the wake of the crack. As the fractured
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surfaces are pressed together by plastic deformation left in the wake of the
crack, the residual compressive stresses are transmitted through the crack.
This phenomenon in literature is referred to as “Crack Closure”. It was first
observed by Elber [62]. and it is sometimes referred to as the Elber Mecha-
nism. The presence of this phenomenon can be justified either by stiffness
measurement [61], which is not an accurate way of measurement, or by the
effect on fatigue crack growth.

Elber suggested that only that part of the load cycle will contribute to crack
extension where the crack is fully open until the crack tip, because crack tip
singularity does not exist during the part of the load cycle when the crack tip
is closed. This leads to the definition of an effective stress range and stress
intensity factor.

DSt = Snax— Sopi AKett = Kmax— Kop (2.13)

Elber devised the famous crack closure relation involving the stress intensity
factor and stress ratio.

_ DKerr  ASepr
U=t = —1a" =05+04R (2.14)

Figure 2.10 compares the different crack closure relations as a function of R.
Elber’s relation indicate that S, is increasing again for a negative R-value
which is physically unrealistic. Analytical work of Newman [63] has shown
that it should be a decreasing function for R— > —1. For this reason, Schi-
jve [64] proposed a new relation between U and R based on the trends as
predicted by Newman.

U = 0.55+ 0.35R+0.1R? (2.15)

This relation shows a continuously decreasing S, for a decreasing R-value.
This trend should be expected because for a certain Sy« value, a lower R-
value implied a lower Syin value. The weakness of this approach is the im-
plicit and unproven assumptions that crack closure is responsible for all load
ratio effects and that these can be correlated by an equation. But this rela-
tion is proved to be the only crack closure estimation method due to una-
vailability of accurate direct crack closure measuring techniques [3].

After the introduction of the crack closure concept by Elber [62], a lot of
effort was put in understanding the phenomenon to predict crack growth.
These efforts include the early phase work which were mainly numerical
techniques (finite element analysis) as detailed by Newman [65] and Ohiji
et al. [66]. Numerical techniques were shown to be very accurate but are
more complicated for modeling and meshing aspects. The major issues were
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Figure 2.10: The crack opening stress level according to different relations

the calculation costs and time, which made scientists developing simple ana-
lytical crack closure models [67-69]. Crack closure models for VA-loading
require cycle-by-cycle calculation of the crack opening stress, Sop and the
corresponding Kop. The three main models which are based on Elbers crack
closure assumption were primary developed to predict fatigue crack growth
under flight simulation loading [70]. These models are:

1. ONERA Model
2. CORPUS Model
3. PREFFAS Model

In this thesis CORPUS model is discussed and later implemented for predic-
ting fatigue crack growth in FMLs.
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The CORPUS Model

A

/}D /:/\—Q

-

Figure 2.11: A hump created by an overload and flattened by an underload

The CORPUS model (Computation Of Retarded Propagation Under Spec-
trum loading) was proposed by De Koning [71] in 1981. This model develo-
ped used for crack growth prediction under flight simulation load sequences.
The CORPUS model was based on the hump mechanism, i.e. crack closure
is visualized by the hump formation (figure 2.11) on crack surfaces. There
is no evidence supporting the formation of the humps on the crack surface
presented in literature. However, only schematics are available to unders-
tand the hump creation and flattening. In case of an overload, a larger hump
will be created and will be flattened by a later compressive load in the spec-
trum. In every cycle, a hump is created with associated & level, and for
the estimation of S a cycle-by-cycle calculation is required, since Sp is an
essential part of CORPUS model for crack extension.

De Koning [71] was able to introduce a few new concepts in the crack growth
models. These were related to the concept of primary and secondary plastic
zones, the consideration of plane strain/plane stress for plastic zone esti-
mation and the multiple overload effect. Although the concept behind the
model is quite simple, the mathematical interpretation of the model appears
to be fairly complex. Padmadinata [72] and Putra [73] explained the COR-
PUS model very systematically in their thesis. The description in this paper
is mainly attributed to both authors and is based on their analyses.

In order to describe the hump behaviour after application of an overload-
underload combination, a form similar to Elber’s function was determined
empirically for 7075-T6 and 2024-T3 material:

U = (—0.4R*+ 0.9R*— 0.15R? + 0.2R+ 0.45);R> 0 (2.16)
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U = (—0.1R?+0.2R+0.45);—0.5< R< 0 (2.17)

Using Finite Element Analysis, Newman [74] demonstrated that &, depends
on Syaxn, Sminn and on the level of gmay in comparison to the yield stress,
which Newman assumed as an average yield stress. In order to incorporate
the influence of high load levels, De Koning defined a correction factor h
for the &, values. The correction function was obtained by a curve fitting
procedure to Newman’s results.

An overload is playing a major rule in creating the hump while an under-
load will reduce the hump and hump opening stresses. A lower underload
decreases the Sop level of the previous cycles while an overload higher than
the previous overload cycles increases the Sop level.

An important feature of the CORPUS model is that it also differentiates bet-
ween a plastic zone developing into virgin (elastic) material and a plastic
zone extending in already plastically deformed material. The first ones are
called Primary Plastic Zone (PPZ) and the latter ones are called Secondary
Plastic Zone (SPZ).

De Koning formulated a special equation by modifying the Irwin [75] equa-
tion as well as the Dixon finite width correction for centrally cracked speci-
men, in order to account for a large zone if Sy approaches the net section
yield-limit. This resulted in a fairly complicated equation for calculating a
PPZ involving a variable for the stress state assumption. The plastic zone
size has an important role in the delay switch and the material memory
consideration.

Interactions between an overload with an overlapping PPZ causes an in-
crease of the crack opening levels, which will give more crack growth re-
tardation. This effect plays an important role in the CORPUS model. The
hump opening stress given by the equations 2.16 and 2.17 is valid for a single
overload Syaxn combined with an underload Syinp. If a series of overloads is
applied, de Koning assumes that S will reach an upper bound stationary
level defined by

14 mgn B_ } (2.18)

Where my p is a stationary parameter which depends on the crack growth in-
crement Aa between the overloads and the plastic zone size D, of the over-
load. For the CA case Aa/Dy goes to zero and gives a value of mg=0.1. Fi-
nally, if the crack has grown through the overload plastic zone (Aa/Dpél),
the overload interaction is ignored and equation 2.13 is used to calculate
the AKess values for Paris relation. If a series of overloads is applied, the
hump opening stress will reach the stationary value given by equation 2.13.
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After the application of the overload, the value of S is increased step by
step. To compute the load interaction effect, a relaxation factor é was taken
into consideration (0.28 for 2024-T3). This value is valid for the interaction
effects of overloads of the same level in plane stress condition. For a general
case, where overload of different levels interact at different states of stress,
two correction factors were introduced. The corrected relaxation factor is

5 =0.285,5 (2.19)

O, accounts for interaction of different overload levels and &, accounts for
the effect of reduced interaction in plane strain condition. It should be kept
in mind that only interaction between the recent overload and the overload
associated with dominant hump is considered.

Concepts adopted in the CORPUS model are related to crack closure (Elber
mechanism), plastic zone size, location of crack tip in plastic zone, hump and
retardation mechanism.

After comparing the predicted and tested results, Padmadinata stated the
following conclusions:

1. Crack growth in most severe flights was under estimated.

2. The CORPUS model gives much importance to a rarely occurring ne-
gative load if that load is more compressive (gust load) than the fre-
quently occurring ground stress level. The prediction is inaccurate but
conservative in that case.

3. Some improvements have to be done on the load sequence, as in some
cases with simple load sequences, a sequence effect was predicted but
it was not observed in the test series and sometimes it occurred in tests
but CORPUS model did not predict it.

4. The CORPUS model predicts a higher crack growth rate for a lower
yield stress if the other material constants are not changed. The latter
condition is not realistic, but it indicates that relevant CA crack growth
rates are essential for good predictions.

5. The CORPUS model does not consider the multiple overload effects on
the 7075 alloy.

2.9 Summary

This chapter has briefly introduced the concept of FMLs with their nomen-
clature and bhenefits over monolithic metals. In addition, different types of
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crack growth prediction models used for the monolithic metals are discus-
sed. These models are mainly for variable amplitude loading. These models
are modified for the fatigue crack growth prediction in FMLs under variable
amplitude loading and discussed in Chapter 6.
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Experimental and analytical investigation of the effect of variable amplitude (VA) load se-
quences on delamination behavior in Fibre metal laminates FMLs is presented in this chapter.
Delamination tests are performed and results are compared with linear damage accumulation
prediction. The correlation between the test results and predictions highlighted the absence of
load sequence and interaction effects in delamination growth rate under VA loading.

he fatigue crack growth behavior of Fibre Metal Laminates has

been extensively investigated in the past decades. The ma-

jority of papers published on this topic report fatigue and

—_ fracture experiments on various coupon specimens, analysis

of observations and development of understanding by means of empirical or
theoretical models [ 1-14]. The main advantage of FMLsis the very slow and
approximately constant crack growth under even full spectrum loading as a
result of crack bridging by intact fibers. The crack growth is accompanied

37
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by delamination growth in the wake of the crack, which to some extent is
considered to be favorable for these materials, in contrast to fibre reinforced
polymer composites.

m
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Figure 3.1: a. Illustration of typical delamination and CCT specimens, b. Center-
cracked lap shear CCLSspecimen geometry [15], c. Double cracked lap shear DCLS
specimen geometry [21]

Although various crack growth experiments on FMLs have been reported
where simple VA load sequences or actual flight simulation spectra were
applied [8-11], a detailed understanding of the interaction effects in FMLs
is not yet at hand. At least not to the same level of understanding as for
crack growth under constant amplitude (CA) loading.

Alderliesten and Woerden [14], for example, studied delamination shapes
created during CA loading with and without overloads. A major question
following from their discussion is whether the delamination growth is affec-
ted solely by the behavior of the metals (plasticity) or whether additional
sequence effects (retardation, acceleration) influence the growth. This ques-
tion becomes especially important when looking at the study by Alderliesten
et al. [15], where delamination observations were made during testing of a
single specimen at subsequently different load levels. The presence of in-
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teraction effects in the delamination growth rate might have an effect on the
results obtained.

To enable the development of an analytical model describing the physical
fracture behavior under arbitrary fatigue loading in FMLs, this question
concerning interaction effects in delamination growth must be addressed.
This chapter reports on additional delamination growth tests on similar FML
specimens with various block load sequences and VA load spectra. The re-
sults are compared and analyzed with current fracture mechanics based des-
criptions for delamination growth [15-20] to answer the question, whether
or not interaction effects are present in the delamination growth.

3.1 Delamination Growth Rate Calculations

The energy release rate for delamination is calculated based on energy ba-
lance in the centered-cracked lap shear (CCLS) as well as double-cracked lap
shear (DCLS) specimen delamination specimen as shown in figure 3.1 [1, 15,

]. The details about these types of specimen is given in the next section.

Delamination growth is described using a Paris type relation with two ex-
perimentally determined constants Cy,ng and the difference of strain energy
release rates Gy max and Gq min using equation 3.1 and stress ratio R. The de-
tailed derivation of equation 3.1 is given in Appendix A.

_ O-I%m A_z . 2 Eto 32
9= 20, | Ex (N — Ner )t — A na|'fa|+—Eal Nt otf o(V? — A?)+ o
- i
Ef’gonf,gotf,go(yz )
al
db B ng
o = Ca(ac) (3.2)

Rans and Alderliesten [22], used AG = (/Gdmax— \/Gd.mm)z to investigate
the influence of residual stress on the delamination growth. According to
them the residual component of the strain energy rate is removed by using
the rule of super-positioning, which is mathematically explained as

AG = (\/ Gmax— v Gmin)2

= [(\/Gd.max‘F \/Gr&ddual) - (\/Gd,min + v/Gresidual )] 2

= [(\/ Gd,max) - (\/ Gd,min)]2
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Crack initiation

Figure 3.2: Early failure of intact metal layers in center-cracked lap shear specimen

The linear damage accumulation (LDA) rule is based on a cycle-by-cycle ana-
lysis independent of preceding load cycles. It is an integration of calculated
delamination growth increments Ab; using equation 3.2 to obtain a predic-
tion for the full load spectrum or one block of load sequences. As a result, it
is the simplest method to predict the delamination growth under VA loading.
The advantage of the LDA rule is computational efficiency. In the present
research, LDA is used to prove the absence of any interaction effects. In the
other words, interaction effects will be absent in delamination growth under
VA loading if the delamination growth rate predicted using LDA correlates
well with the experimentally obtained growth rate.

In general, the LDA rule can be presented mathematically as:

N
b=bo+ ) Ab (3.3)
2

3.2 Experimental Program

3.2.1 Test Specimen

To investigate delamination growth, a specimen should be selected that will
not induce interaction with other fracture phenomena. In center-cracked
tension (CCT) specimen for example, delaminations coexists with metal crack
growth, which cannot be excluded when analyzing the delaminations. Better
specimens are CCLS and double-cracked lap shear (DCLS), see figure 3.1,
which can be related to CCT afterwards as illustrated in the same figure.
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Initially, a CCLS specimen (configuration illustrated figure 3.1-b) has been
selected, which is believed to represent a pure mode I1 configuration [16].
These specimens have been manufactured using the standard GLARE 2-3/2-
0.3 configuration. Due to the early failure of the intact aluminium layers as
shown in figure 3.2, the range in delamination lengths that could be used in
the analysis was very limited. In order to avoid this problem, DCLS spe-
cimen (illustrated in figure 3.1-c) has been used. These specimens have
been manufactured using standard GLARE 2-2/1-0.3 layup with two 0.3 mm
thick cracked outer layers of aluminium 2024-T3 with in-between two uni-
directional glass fibres epoxy layers with a nominal thickness after curing
of 0.26 mm. Although this configuration mathematically seems to have a
mode I contribution to the delamination mechanisms [16], it was shown by
Alderliesten et al. [15] that this mode has no effect on the observed delami-
nation growth. The mechanical properties of the constituents of the tested
specimens are summarized in Table 2.3.

3.2.2 Test Equipment & Procedure

Camera

DCLS Delamination
Specimen Edges

Figure 3.3: Testing setup

The tests were conducted in lab air at room temperature in a closed loop
mechanical and computer controlled servo-hydraulic testing system with a
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load capacity of 10 metric tons. The delamination lengths were measured
from one side of specimen at the four locations near the artificial cracks in
the aluminium layers and subsequently averaged. The delamination mea-
surements were performed at intervals, while the test was on hold at its
maximum applied stress level. The measurements were performed with a
CCD camera using in-house developed imaging software “Impress”. The full
test setup is shown in figure 3.3.

3.2.3 Test Matrix

The experiments were conducted with HI-LO and LO-HI block load sequences,
with programmed block loading, multiple block loading and flight spectrum
loading. The test matrix is given in table 3.1, showing the load sequence
and the applied stress levels.

3.3 Results & Discussion

3.3.1 Block Load Sequences

Delamination test results for block and multiple block load sequences are
shown in figure 3.4-(a), (b) and 3.5-(a). Delamination lengths measured
from the four edges are plotted against the number of cycles in figure 3.4-
(a). A straight line through the delamination data represents the average
delamination growth rate (Figure 3.4-(a)).

In all tests performed, the delamination growth was initially non-linear,
but it became linear after the delamination progressed a short distance.
The length of this distance appeared to depend on the applied stress levels.
There are two aspects that might have an effect on this initial non-linear
behaviour. The application of Teflon inserts and the deburring of the metal
layer edges (as shown in figure 3.6). During fabrication of specimens, a thin
Teflon tape was placed at the delamination initiation location in order to
accelerate delamination initiation. In addition, the metal layer edges were
deburred to avoid any unwanted damage to the neighboring prepreg layer
as a result of sharp edges/burs. As a consequence, the delamination initially
has to grow along the deburred surface, during which delamination will be
having a significant contribution of Mode I to the Mode 11 delamination
growth. This start-up effect was also observed by Mall et al. [23] in case of
a composite-to-composite bonded joint tested under CA fatigue.

The block and multiple block load cases show that the delamination growth
rate mainly depends on the applied stress levels. The same observation is
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Table 3.1: Delamination test matrix

Load Sequence

Stress Values

Stress Ratio

[MPa] [R]
Block loading /VWW\NW\M LO-HI 150-169 0.05
NWW\NVWV\ HI-LO 169-150 0.05
Block loading /WWV\NWW\ LO-HI 150-187.5 0.05
NWW\/WWV\ HI-LO 187.5-150 0.05
Multiple  Block MNW\/\N\NV\ 200-187.5-150-
Loading HI-LO 125 0.05
LO-HI 200 0.05
Periodic LO-HI- AAAAW’V\/\ . 105 to 195 in 285
Lo Large period cycles 0.86 to 0.03
/\W/\ . 105 to 195 in 100
Short period cycles 0.86 to 0.03
Periodic  Over- M .
loads Increasing step 80 to 220 to 80
M\ Decreasing step 80 to 220 to 80
Noaroe = 1 et — 1875 0.04
N ™! N e Ny NsviaLL = 100 OmaxgyaLl = 150 0.05
Programmed _ _
Block Loading /\A/W\/\NW\ Niaree =1 Omax ppe = 1875 0.04
NawaL = 20 ey, = 150 0.05
Niarce =1 U"BXLARGE =1875 0.04
NeviaL =4 Omexquall = 0.05

Mini-TWIST

WES

Omean =100 MPa, Truncation level =1V, Ground-air-ground stress=0.02 X Ojean

Typical wide-body fuselage spectrum
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Figure 3.4: Delamination growth tests results: (a). Two block loading (B Vs. N); (b).

Two block loading (db/dN Vs. b)

reported by Alderliesten et al. [

] and Mall et al. [23].

In the correla-

tion between test and LDA predictions (using equations 3.1 and 3.2) for two
blocks (Figure 3.4-(a) and (b)), multiple block (Figure 3.5-(a)) and program-
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med block (Figure 3.7) load cases, an obvious interaction effect can not be
observed.
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Figure 3.6: Deburred metal layers and Teflon tape location
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Figure 3.7: Delamination growth tests results for Periodic LO-HI-LO spectra - Large

and short period

3.3.2 Flight Load Sequences

The questions arise, Whether any interaction effect (if present) can be cap-
tured by block load test. If it only has a small effect (order of magnitude um
or few cycles) average da/dN does not reveal anything. The second question
is, what test should be performed to capture any interaction if present. To
answer these questions, single OL may be to tricky because of measurement
techniques. That‘s why flight spectra test were preferred to compare LDA.
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Figure 3.8: a. Rain flow counting technique; b. Delamination growth tests results
for WFS and programmed block load (Increasing and decreasing steps spectra)

These flight spectra were: 1. Mini-Twist, 2. Typical wide body fuselage
spectrum (WFS). In case of Mini-Twist spectrum the correlation between
the test results and prediction does not indicate a presence of interaction
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effects(Figure 3.5-(b)).
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Figure 3.9: Delamination growth tests results comparison of ARALL and GLARE

On the other hand, between the test result and prediction for WFES a correla-
tion is absent. The difference between the Mini-Twist and WFS spectrum is
the presence of a number of intermediate cycles that break up the large cycles
into smaller cycles in WES spectrum, as shown in figure 3.8-(a). The rain-
flow counting technique [24-26], mentioned in literature as a cycle counting
and filtering technique for crack growth in metal structures, is used here to
account for these intermediate cycles. As a result, in the filtered situation
the large cycles are considered only, schematically shown in figure 3.8-(a).
As shown in figure 3.8-(h), the rain-flow counting technique combined with
LDA predictions resulted in a close match between the test result and pre-
diction for WFS and program block load test. The correlation of test data
and rain-flow counted spectrum prediction highlighted that the delamina-
tion growth rate depends on the large cycles and the delamination is not
affected by the intermediate cycles within large cycles.
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3.3.3 Delamination Behaviour of ARALL & GLARE

Marissen [ 1] tested ARALL delamination specimens under repetitive block
loads, mentioned as ‘Programmed Block Loading’ in table 3.1. In this load
spectrum, single OL cycles N arce were applied with varying the number of
preceding small cycles, NgyaLL. He reported some interaction effects, which
are different in nature than the ones known to exist in metal crack growth.
In his tests, increase in delamination growth rate, calculated using Miner’s
LDA rule, was observed by increasing the number of small cycles between
OL cycles (Figure 3.9).

To compare the current research with Marissen’s findings, a similar spec-
trum has been applied to GLARE. No interaction was observed, as can be
illustrated by comparing the results with LDA predictions, which is based
on non-interaction (Figure 3.9). This observation does not agree with the
Marissen’s observation. Then the question arises what can be different in
ARALL from GLARE which caused interaction effects? Further evaluation
is done to study the possible causes of different delamination behaviour of
ARALL and GLARE.

ARALL GLARE

/ Interface failure (Metal/Resin) taL
«— Cohesive failure in Resin - X ..........
trT Interface failure (Resin/Fibre)
o—Tibre failure
tf tf,r
Interface failure (Metal/Fibre)
Y
\ J
f ........... —  ——
tall o taL

Figure 3.10: Delamination paths (ty = Aluminium layer thickness, t; = Fibre layer Thi-
ckness, t; =Resin-rich layer thickness, tf , =Fibre/Resin thickness (GLARE))

First, the question is whether the experimental techniques may cause such
difference in observation? Marissen used a photo-elastic technique to mea-
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sure the delamination length, while a CCD camera was used in the current
research. In principle, there should not be any error due to the measure-
ment technique because in the correlation (Fig. 3.9) the delamination growth
rate - db/dN is used instead of delamination length - b. A systematic diffe-
rence in capturing the length would only provide a difference in delamination
length, not in rates. In addition, Mall et al. [23] compared three different
measurement techniques to measure the debond length. They concluded
that measurements using different techniques are quite close to each other
and any of the method can be adopted.

Second, the metal/fibre interface may be the cause of difference in ARALL
and GLARE. In ARALL, BSL-312-UL is used as the adhesive system, whereas
FM-94 is used in GLARE. Verbruggen [27] has compared the fibre-epoxy
bonding for glass fibres and aramid fibres. Aramid-epoxy has shown poor
adhesion compared to glass-epoxy. Similarly, Roebroeks [28] has stated
that GLARE has a high peel strength in comparison with ARALL. In view of
possible delaminations during manufacturing processes or later in-service,
he considered high peel strength being advantageous.

FATIGUE DELAMINATION
SURFACE

e hmzw—-r‘w

| DELAMINATION DIRECTI0l>

Figure 3.11: Fatigue delamination surface in ARALL: a. Imprint of the fabric in the
adhesive, b. Delamination front at the fibre side. [1]

The number of possible fracture paths in ARALL is larger because of its inho-
mogeneous composition. Microscopic examination of a cross-section of the
ARALL specimen showed that it consists of a resin-rich layer (1/10 of pre-
preg thickness) near the adherends and a fibre-rich layer (8/10 of prepreg
thickness) in the center of the prepreg layer. The delamination paths are
shown in figure 3.10. On the other hand, the delamination in GLARE exists
at the metal/fibre interface. That is the only path of delamination observed
in GLARE (as shown in figure 3.10).
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Despite the poor aramid-epoxy adhesion, low peel strength and multiple
delamination paths, Alderliesten [21] has shown that ARALL (BSL-312-UL)
has almost similar delamination resistance as GLARE (FM-94). This means
that all of these differences have insignificant effect on the CA delamina-
tion resistance and hence cannot contribute to the difference between the
delamination behaviour of ARALL and GLARE.

In ARALL, Twaron HM fabric in combination with BSL-312-UL adhesive is
used. Delaminated surfaces show an irregular pattern (surface), as shown
in figure 3.11. Due to twaron weaved fabric, the delamination front always
stops at the roving perpendicular to the loading direction. These rovings ap-
parently act as '"delamination stoppers’, and the overall delamination growth
is reduced [1]. It can be stated about Marissen’s tests that for CA loading,
either high or low, the delamination grows with a constant rate even en-
tangling at the rovings. Whenever, an OL is applied during CA loading, a
certain jump over the roving or increase in delamination length can be ex-
pected which leads to the higher delamination growth rate observed by Ma-
rissen. This increase in delamination growth rate is more pronounced when
the number of OLs were increased in the CA cycles. On the other hand, in
GLARE, S2 Glass uni-directional prepreg in combination of FM-94 is used.
The delaminated surfaces in GLARE show a straight (smooth) profile along
the metal-fibre interface, as shown in figure 3.12. Phenomenon like de-
lamination stoppers was not observed because there are no fibres present
perpendicular to the delamination growth direction. There is not a big dif-
ference between the test results and LDA predictions.

The major differences in GLARE and ARALL are briefly given in table 3.2

Table 3.2: Possible causes of different delamination behaviour of ARALL and GLARE

ARALL GLARE Reference
Metal type 7075-T6 2024-T3 [1, 21]
Metal layer thickness [mm]  0.45 0.3

Tawaron Glass
Fibre type Fabric Prepreg

woven Uni-directional
Fibre layer thickness [mm] 0.3 2x0.133
Adhesive Type BSL-312-UL FM-94
Resin rich layer Present Absent [29]
Fibre volume fraction 54% 60%
Fibre/Epoxy bonding Weak bonding Strong interfacial bonding [27]
Peel-strength 2.5 N/mm 7.5 N/mm [28]
Possible delamination path 1: Interface failure at the 1: Interfacial failure at  Figure 3.10

resin rich layer-adherend
interface 2: Cohesive fai-
lure in resin rich layer 3:
Interface failure at resin-
fibre interface 4: Fibre fai-
lure

adhesive-adherend inter-
face
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Figure 3.12: Delamination surface of fibre side

3.3.4 SEM Analysis of Delaminated Surfaces

Several specimens have been analyzed using Scanning Electronic Microscopy
(SEM) to investigate the delamination surfaces at both metal and the fibre
side. Previously, Verbruggen [23] performed SEM to compare the adhe-
sive properties of three different types of fibres, namely Aramid, Glass and
Carbon. In addition, Marissen [1] has shown the presence of striations
on the delaminated surface at the metal side. However, he was unable to
relate these striations to the delamination growth data and thus to draw
conclusions on the presence of interaction effects (i.e. delamination growth
acceleration). Nonetheless, Marissen reported that SEM might be helpful
if striations could be related to applied stress values. In the present re-
search, SEM has also been performed in order to acquire information about
the presence or absence of interaction effects in delamination growth. At
the fibre side, no striations or delamination growth markings could be ob-
served, but the important observation here is that the delamination front is
quite regular without fibres pullout or delamination front moving almost in
a straight manner, as shown in figure 3.12. Figure 3.12 also shows that the
fibres are covered with resin, which highlights the good adhesion between
resin and fibres. Because all fibres are covered with adhesive residue, the
delamination evidently occurs as a cohesive failure in the adhesive.
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Figure 3.13: Illustration of the fibre/matrix adhesion; a. at LO stress amplitude
(150MPa), b.at HI stress amplitude (169MPa)

Figure 3.13 illustrates the fibre/matrix adhesion at the delamination surface;
cusps can be observed that according to Purslow [30] indicate shear failure.
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Figure 3.14: Delamination markings (striation) observed in the fibre imprints at the
metal side of the delaminated specimens.

Markings that may be considered delamination growth striations were ob-
served in the fibre imprints at the metal side of the delaminated specimen,
as shown in figure 3.14.

A closer observation of these marking revealed that they can be related to
the stress amplitude. For example, when the striations for LO-HI load se-
quence are counted, twice as much markings were observed over the same
distance in the LO cycle, as compared to the HI cycle. This factor 2 diffe-
rence between both spacings, shown in Figure 3.15, corresponds with the
observed macroscopic delamination growth rates (i.e., delamination growth
rate during the LO cycles is db/dN = 3.9 x 10~% mm/cycle, while at HI cycles,
db/dN = 8.5x10~* mm/cycle). The spacing/cycle may not be exactly related
to db/dN but a relative comparison is justified.

In case of flight spectrum and periodic block load sequence, similar striations
are observed. The spacing between these striations can be related to the
Srax, as shown in figure 3.16 for periodic block load sequence. Delamination
striations (figure 3.16 and 3.17) observed in fibre imprints are not continuous
like fatigue crack growth striation observed in metals, which is also observed
by Roebroeks [31] in case of ARALL. This discontinuity is due to the either
low Syax or missing fibre imprints.
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Figure 3.15: Delamination growth markings (striation) at LO stress amplitude
(169MPa) a.. and at HI stress amplitude (150MPa) b.
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Figure 3.16: Delamination growth markings (striation) of Periodic LO-HI-LO load
sequence: a. Long Period. b.Short Period

3.3.5 Delamination Prediction Aspects

Delamination growth at the interfaces in GLARE under VA loading is inde-
pendent of interaction effects, which enables the use of CA delamination
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Figure 3.17: Discontinuity observed in Delamination markings (striation).

growth prediction as formulated by Alderliesten et al. [15] for prediction
under VA loading. However, for ARALL and FMLs with similar interface
characteristics, further investigation is required to formulate the conclusions
about the potential interaction effects.

In FMLs the fatigue delamination is always localized around the crack and is
coupled with the crack growth in metal layers. In case of ARALL, as repor-
ted by Marissen, if on one hand the OL increases the delamination growth
rate, but on the other hand, it decreases the crack growth rate (crack growth
retardation). The crack growth retardation subsides the increase in the de-
lamination growth rate. This can be seen in the fatigue crack growth predic-
tions for ARALL and GLARE, under OL cases, when compared with the test
data, presented in 6 and C.

3.4 Summary

The delamination growth behaviour in GLARE has bheen investigated with
delamination experiments using different load sequences and load spectra.
It has been observed in the block load sequence test that the average dela-
mination growth rate is independent of the applied load sequence. In ad-
dition, with the applied measurement technique no influence on the growth
rate could be observed related to the transition from one load level to other
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level.

Full flight spectrum tests have been performed because the block load se-
quence tests might not be sufficiently accurate to capture interaction effects.
Correlation of the observed growth with linear damage accumulation pre-
diction clearly showed that interaction effects under mode 11 delamination
growth in FMLs are absent.

The Rain-flow counting technique must be used to load spectra with inter-
mediate small cycles in the large cycles to calculate the delamination growth
rate. Predictions correlated very well with the test results for the flight spec-
trum as well as the programmed block loading spectra, after applying this
technique.

ARALL and GLARE laminates have different delamination characteristics.
Interaction effects were reported by Marissen in case of ARALL. On the
other hand, GLARE specimens, when tested using similar load spectra, do
not show any interaction effect. Further investigation on ARALL and GLARE
showed that fibre-adhesive bonding, peel strength and multiple delamina-
tion paths have insignificant effect on delamination growth rate. However,
typography of fibre can be a major reason to cause different delamination
behaviour of ARALL as compared to GLARE.

While looking at the delaminated surfaces using SEM, no markings were
observed at the fibre side, but at the resin/metal side striations (markings)
due to delamination growth were observed. In case of block load sequences
(LO-HI and HI-LO), no interaction effects were observed using the striations
and their spacing. For the periodic load sequences striations were observed
and their spacings could be related to the maximum applied stress Spax.

For the development of a crack growth prediction model for FMLs under VA
loading this means that the delamination extension can be calculated based
on cycle-by-cycle analysis excluding any interaction effect due to the load
variations after applying rain flow counting.
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Chapter

DELAMINATION SHAPE

When you are describcng a shape, or sound, or tinl;
Doan’t state the matter placnly, but put it cu a lhint;
Hud learn to look at all things with a sort of mental sgucut

Lewcs Carroll
(71552-7598)

This chapter presents a study on the influence that load variations have on delamination shapes
in Fibre Metal Laminates. Previously fatigue tested centre-crack tension specimens have been
chemically etched to obtain the final delamination shapes. In addition, fatigue crack growth
tests on similar specimens have been performed to investigate the formation of delamina-
tion shapes. For this purpose, digital image correlation has been used as strain measurement
technique to record the delamination shapes in-situ testing. An explanation is put-forward in
order to understand the effects of variable amplitude loading on the formation of delamination
shapes. A transition in delamination shapes was observed, but evaluating this observation
using an analytical fatigue crack growth prediction model including the observed change in
delamination shapes revealed no significant effect on subsequent crack growth.

n principle, the delamination growth and fatigue crack growth
are balanced and coupled phenomena that significantly in-
fluence each other. During constant amplitude (CA) loading,

—_ this balance between the delamination and crack growth is

63
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Figure 4.1: Delamination between outer aluminium layer and adjacent
fibre/adhesive layer for Glare 3-3/2-0.3 loaded with Sy = 6 - 120 MPa, in
case no overload is applied (a) and in case an overload of Smax = 200 MPa is

applied (b) [2]

achieved after a certain crack extension . An illustration of the geometry of
a delamination in the wake of a crack is given in figure 2.3.

To understand this balance during variable amplitude (VA) loading, one must
understand the behaviour of crack growth and delamination growth under
VA loading independently. For the fatigue crack configuration illustrated
in Figure 2.3, interaction effects due to overloads have already been repor-
ted [1]. On the other hand, interaction effects were not observed when
looking only at delamination growth, as discussed in Chapter 3.

So, hypothetically, both these observations come together for the configu-
ration in Figure 2.3 under VA loading. For example, Alderliesten and Woer-
den [2] reported tests with overload sequences. They observed a change in
delamination shape after the application of the overload (see Figure 4.1).
The observed kink in the delamination shape appeared to depend on the
overload ratio. They attributed the transition in delamination shape to a
process similar to post-stretching induced by the overload, as discussed in
section 2.4.

However, based on the current understanding of the mechanisms, the au-
thor believes that even if post-stretching may contribute to the delamination
shape transition, it may not be the dominating mechanism. In fact, crack
tip plasticity induced by the overload may have a greater impact on the for-
mation of the delamination than local stress reversal related to the same
plasticity. This can be explained with the illustration given in Figure 4.2.
After the application of an overload, the crack growth in the metal layers re-
tards for a certain number of cycles, known as delay cycles (Np), as illustrated
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Figure 4.2: Illustration of delamination extension after application of OL

in figure 4.2-b. Although the crack retards, the delamination present in the
wake of the crack continues growing perpendicular to the crack as result of
the continuing cyclic loading (figure 4.2-c). After about Np cycles, the crack
continues propagating at its original rate, inducing new delaminations to be
formed in the wake of the subsequent crack length increments Aa. This is
illustrated in figure 4.2-d. The shape of the new delamination may appear
different from the delamination shape before the application of overload,
but may have been formed under the same conditions.

To verify this explanation, several aspects had to be addressed prior to the
current work. The first aspect is covered by another study performed by the
author [3]. In that experimental study, crack tip plasticity and crack growth
retardation were observed to be similar to monolithic metals, but limited in
magnitude due to fibre bridging. The second aspect relates to the response
of delamination growth itself to VA loading. This work has been discussed
in chapter 3.

To correlate the work on crack tip plasticity and delamination growth inter-
actions, this chapter focuses on centre-crack tension (CCT) specimen to com-
bine the mechanisms of crack growth and delamination growth while acting
together and influencing each other. In this specimen geometry, the crack
growth can be easily monitored in the outer metal layers in situ-testing. To
obtain information about the delaminations, both Digital Image Correla-
tion (DIC) and chemical etching techniques have been exploited in-situ and
after testing. In earlier studies [4] only the delaminations obtained after
chemical etching were reported, but the specific questions in the current
study require the observation of the shape and extension of the delamina-
tions in-situ. Therefore, DIC being a rapid, effective, non-destructive and
non-contact strain measurement technique was applied to measure the de-
lamination shapes. The principle of visualising the subsurface delaminations
by this surface measurement technique are explained in this chapter.
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To determine the effect of overloads on the subsequent formation of delami-
nations, a distinction must be made between the case without and the case
with the application of the overload. For this reason, an analytical predic-
tion model for constant amplitude fatigue in FMLs, presented in chapter 6,
has been used to evaluate the crack and delamination growth for the cases
tested. In addition, the correlation between the experiments and the predic-
tions enables to determine the effect of overload application on the bridging
stress directly, and to describe the effect on the stress intensity factor driving
crack growth.

4.1 EXPERIMENTAL PROGRAM

To investigate the delamination shape, it was necessary to observe its de-
velopment in-situ testing and to capture the final shape after finishing the
test. Two sets of CCT specimens were studied; The first set consisted of
postmortem investigation of specimens from a previous study [1, 3], while
the second set consisted of new specimens tested with in-situ delamination
observation using DIC.

4.1.1 Test specimens

The specimen for postmortem investigation were CCT specimens illustrated
in figure 4.3. These specimens had 4 metal layers with 0.3 mm thickness
and 3 composite cross-ply fibre layers with a nominal thickness of 0.266 mm
(i.e., Glare3-4/3-0.3). These specimens had three parallel starter notches of
approximately 5 mm, made by drilling 3 mm diameter holes and subsequent
cutting both sides.

The newly tested specimens were CCT specimens shown in Figure D.1. These
specimens were manufactured with 5 metal layers of 0.4 mm thickness and 4
composite cross-ply fibre layers with a nominal thickness of 0.266 mm (i.e.,
Glare3-5/4-0.4). The starter notches were made by drilling a hole of 3 mm
diameter with two saw cuts oriented perpendicular to the loading direction.
The length of the starter notch (2ag) was approximately 5 mm.

4.1.2 Test Matrix

The postmortem specimens had been tested and reported by Plokker et. al.
These tests were performed using a CA baseline cycle with S;ax=120 MPa
and R = 0.1. A single overload of So. =175 MPa was applied at crack length
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Figure 4.3: Postmortem crack growth specimen geometry [3]

of ag. =9.5 mm. A multiple block overload spectrum consisted of 1000 cycles
of 160 MPa was applied at crack length a;r=6.92. For the block load tests,
two block load sequences i.e., LO-HI and HI-LO were used. Both of the
block loads had the same stress levels i.e., SmaxLo = 100 MPa and SyaxHi
= 140 MPa. In case of LO-HI sequence, the transition crack length was
arr=6.9 mm and for HI-LO arg=12.7 mm.

The new specimens have been tested using a CA baseline spectrum with a
maximum stress Smax = 100 MPa and a stress ratio R = 0.1. The single
overload spectrum has an overload S5 = 145 MPa at ag.=10 mm. The
multiple overload spectrum has three overloads i.e. So 1 = 145 MPa; S5
=130 MPa and So 3 = 115 MPa at ap. =9, 12 and 15 mm respectively. Block
load spectra are constituted of two stress levels Syax 0 = 100 MPa and SyaxHi
= 140 MPa.

Detail of both test programs are given in table 4.1 and D.1. Tables D.2
and D.3 were part of the same experimental program but will be discussed
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CA cycles Load va-
riation
Load variation Maximum Stress
stress ratio
[MPa] [MPa]
SMAX=120MPa
) Sy =12MPa
Al | Constant amplitude 120 0.1
S
S
S,
A2 | Single overload 120 0.1 175
Syax2=160MPa__ R
Syaxq=100MPa _
Syin =12MPa
=6.92mm 3 3
A3 | Multiple block overload AR : : 100 0.1 160
Smaxz2=140MPa ,,,,,,
Smaxs=100MPa
Syin=10MPa /[ VYV V) P S A
=6.94mm
A4 | Block loading-LO-HI TR 3 100 0.1 140
Smax2=140MPa :
Smaxi1
Syin =10MPa
A5 Block loading-HI-LO 140 0.1 100

Table 4.1: Fatigue crack growth test matrix for chemically Etched (Postmortem) spe-
cimen

in chapter 5

4.1.3 Test Equipment & Procedure

The postmortem specimens were already/previously tested at a 6 metric
tons servo-hydraulic testing system and measurements were made using a
potential drop measurement technique. Details about the second set of spe-
cimens, testing procedures and equipments are given in Plokker et. al. [1,

3.

The new specimens were tested in lab air at room temperature in a clo-
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sed loop mechanical and computer controlled servo-hydraulic testing system
with a load capacity of 25 metric tons. The test frequency was 10Hz. The
test setup is shown in figure D.2.

4.1.4 Measurement Technique - Digital Image Correlation

DIC is a fully non-contact and non-destructive image evaluation technique
used to track the surface displacements of deforming materials. It is based
on the comparison of two images acquired using a CCD camera at different
defined stages, one before the deformation (known as reference image) and
the other one after the deformation (known as deformed image) [5, 6]. The
displacement of applied grid points is computed from the positions in each
of the two images. It has been widely used to examine the deformations of
engineering materials including monolithic metals, FMLs and adhesives [7,

]. Comparing with other strain and delamination measurement techniques
like C-scan [ 9] and fibre-bragged grating sensors [9], DICis considered to be
one of the most versatile and suitable non destructive and in-situ technique
for detailed full-field strain measurements in FMLs.

For the current research, an in-house developed DIC tool has been used.
This tool is programmed in Matlab in such a generic way that it can be used
independent of the test type, the amount of images per test or the size and
shape of the grid as long as only in-plane deformations are present. This
DIC tool is described in detail in [6, 7].

The principle of observing subsurface delamination shapes by recording sur-
face deformations is based on the strain difference between delaminated and
non-delaminated areas. The delaminated metal layers do not carry any load
as most of this load is transferred to the fibre layers, schematically shown
in figure 2.3. This 'zero strain’ (or in other words delaminated) region can
easily be detected with DIC, as illustrated by the dark region in Figure 4.4-
(a). Details about the validation of this technique for delamination shape
measurements can be found in [8, 10].

Delamination shapes acquired using DIC at different crack lengths are shown
in figure 4.4-(b). The final delamination shape in the specimen observed af-
ter chemical etching the surface is added to the same figure. An excellent
correlation between delamination shape observed using DIC and after che-
mical etching has been obtained.
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4.2 RESULTS & DISCUSSION

The delamination shapes observed after etching the outer metallic layers as
well as those observed in-situ fatigue testing are discussed here. In addi-
tion, delamination shapes predicted using the FMLs fatigue crack growth
prediction VA loading model, detailed in section 6.2, are compared with the
observed shapes. The effect of the change in the delamination shape in the
fatigue crack growth parameters and fatigue crack growth prediction is also
discussed in detail.

4.2.1 Observed Delamination Shape

The observed delamination shapes in both sets of specimens are discussed in
this section. A detailed study is presented comparing observed and predicted
delamination shapes.

Chemical Etching

Figure 4.5 shows the delamination shapes observed in post-mortem speci-
mens. It is observed that after a change in the load sequence (i.e., overload
or HI-LO), the delamination shape changes from a semi-elliptical shape to a
shape containing a kink at the location where the load sequence is changed,
as shown in figures 4.5-(b),(d), and (e). The delamination shape of the CA
test (figure 4.5-(a)) is given to highlight the effect of VA load sequences. Fi-
gure 4.5-(b) shows the delamination shape, after the application of a single
overload. The kink and change is visible in figure 4.5-(b). In case of block
load sequences, no change was observed for LO-HI sequence (Figure 4.5-(c)).
For HI-LO and block of overloads, a change in shape has been observed after
the load transition (Figures 4.5-(d) and 4.5-(e)).

Figure 4.6 shows the comparison of final delamination shape predicted using
the VA Yield zone mode for FMLs and measured after chemical etching, for
CA and single overload cases. The details about the prediction model can
be looked in section 6.2. The prediction model seems to underpredict the
delamination shape in both the cases.

Digital Image Correlation-DIC (In-situ fatigue test)

Figure 4.7 shows the DIC results of the second set of tested specimens for
different load cases. A comparison between single overload and CA loading
results is shown in Figure 4.7-(a).
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After application of the overload, the crack growth was retarded for 10 kcycles.
Although the crack growth was retarded, the delamination present in the
wake of the crack remained growing perpendicular to the crack due to the
continuing cyclic loading. But as soon as the crack continued to propagate, a
kink can be observed between the new and the already present delamination
shape.

Similarly, for the HI-LO block load sequence, a change in the delamination
shape was observed. Due to the large number of higher stress cycles the
observed number of delay cycles was 40 kcycles. After the change of load
sequence, delamination extension was observed only in the loading direc-
tion. A kink was observed in the final delamination shape.

Figure 4.7-(c) shows the delamination shape of the LO-HI block load se-
quence. No change or kink was observed in the delamination shape, be-
cause of the absence of any interaction effect that can cause crack growth
retardation.

The change in the delamination shape for the single and HI-LO block load
sequence was due to the application of overloads or because of crack-tip
plasticity that retarded the crack growth. During the CA baseline loading
(figure 4.2-(a)), cracks started to grow in the metallic layers accompanied
with the delaminations at the metal-fibre interface around the crack. After
application of the overload, the crack growth was retarded that stopped the
delamination growth (in the wake of propagating crack, perpendicular to the
loading direction). However, the delamination continued to grow parallel
to the loading direction, because delamination growth has been observed
to be independent of any interaction effects (3), as shown in figure 4.2-(c).
The delamination started to grow perpendicular to the loading direction, as
soon as the crack-tip was out of the retardation region. A kink was observed
between the delamination shapes before and after the location of overload,
as illustrated in figure 4.2-(d). Similarly for block loads, when the load was
changed from HI to LO, crack growth retardation occurred and affected the
delamination shape.

Figure 4.8 shows the comparison of the delamination shape and its exten-
sion predicted with and without considering crack-tip plasticity due to an
overload. The prediction without considering the crack growth retardation
(CA represented by thin lines) did not show any change in the delamination
shape. While the predictions considering crack growth retardation showed a
change in the delamination shape after the application of the overload. Ho-
wever, it is also shown in the same figure that the final delamination shapes
predicted with and without considering crack growth retardation are almost
identical.

One major observation about the delamination shape predictions is that the
model underpredicts the delamination shape (shown in Figures 4.6 and 4.7).
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This can be attributed to the fact that the interface adjacent to the outer me-
tallic layer faces higher cyclic shear stresses, because the load is transferred
through a single metal-fibre interface, while the middle layers distribute the
load through two interfaces. The predicted results come from an imposed
average calculation of the delamination that occurs at each metal-fibre in-
terface. The extra load transfer occurring at the outer interfaces increase the
mode 11 delamination which results in larger delamination compared to the
predicted one. The prediction model is based on the average behaviour of
all the interfaces and excludes any through the thickness variation, but the
delamination occurring at the middle layers is smaller that the one at the
outer layers. Rodi et. al [11], observed a difference in the predicted and
observed final delamination shapes in most of the cases.

It can be seen in figure 4.8 that the delamination propagates only parallel
to the loading direction when the crack growth is retarded. Without inclu-
ding crack growth retardation, the delamination would have been growing
in both the directions. Following from the discussion above, crack growth
retardation indeed seems to be the major phenomenon causing the kink in
the delamination shape. However, as shown in figure 4.8, a mismatch is
observed between the delamination shapes predicted using crack growth re-
tardation and the measured shapes at the point where the test is stopped.
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The mismatch may imply that the currently proposed crack growth retar-
dation theory alone is insufficient to describe the change in delamination.
Thus, there may be still some effect of local pre-stretching as proposed by
Alderliesten and Woerden [2].

The question arises whether this difference in delamination shape and area
has an effect on the subsequent crack growth and whether it needs to be
considered during fatigue crack growth prediction. These questions are ad-
dressed hereafter.

4.2.2 Effect of Delamination Shape

The modified Wheeler model (will be discussed in details in 6.2), being a
crack-tip plasticity based retardation model, is used to predict the fatigue
crack growth in FMLs. To investigate the effect of the delamination shape
change on fatigue crack growth, the delamination shape acquired from the
single overload test (Figure 4.6-(a)) after chemically etching the specimen,
is used as an input to compute the fibre bridging stress as well as stress in-
tensity factor at the crack tip, Kiip, the stress intensity factor describing fibre
bridging, Ky, and far-field stress intensity factor K, [12]. In general, Kip
is computed as the difference of between far-field and fibre bridging [12],
and it is used to calculate fatigue crack growth in FMLs. For this investi-
gation, two delamination shapes were studied for the case where the crack
continues propagating from the length where the test was terminated:

1. Delamination shape predicted with the model including plasticity

2. Delamination shape measured at the end of the test.

For the predicted delamination shape, a typical bridging stress profile was
computed that is approximately constant along the crack, except for the area
near the crack tip. For the measured delamination, a shape is calculated
that shows significant variation along the crack. Both profiles are shown in
figure 4.9-(a), and figure 4.10-(a).

It is observed from the measured shape that after application of the over-
load, a larger delamination is present that corresponds to low bridging stresses.
These low bridging stresses will result in subsequent slow delamination
growth, while the area having high bridging stresses will grow at higher rate.
This means that in the subsequent cycles, the delamination shape will form a
shape closer to delamination shape predicted with the model including plas-
ticity. As a result, the stress intensity factor Kyp calculated with the model
originally underestimates the value that is expected based on the measured
delamination shape. However, as illustrated in Figure 4.9-(b) and 4.10-(h),
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Kiip decreases towards the value calculated with the model. This highlights
the fact that a change in the delamination shape has insignificant effect on
the parameter governing fatigue crack growth in FMLs. This observation
is validated when the fatigue crack growth predictions are correlated with
the test data (discussed in the next section). This was also observed for
the specimen with delamination shapes measured using DIC, as shown in
figure 4.10.

4.3 Summary

The load variations slightly change the delamination shape. This change in
delamination shape is predominantly related to the crack growth retardation
in metal layers after application of overload. However, this cause is insuf-
ficient to completely describe the transition of the delamination after the
application of an overload. If in addition, the post-stretching mechanism
locally near the crack tip is considered, the transition can be fully unders-
tood.

The effect of this transition in delamination shape on subsequent fatigue
crack growth has been related to the change in stress intensity, which factor
is used in the fatigue crack growth prediction model for FMLs. This inves-
tigation has evidently shown that the transition in delamination shape has
no significant effect on subsequent the fatigue crack growth.

In other words, for predicting the fatigue crack growth after an overload
accurately, it will be sufficient to attribute the transition of delamination
shape solely to the crack retardation, thus ignoring post-stretching.

References

[1] H. M. Plokker, R. C. Alderliesten, R. Benedictus, Crack closure in fi-
ber metal laminates, Fatigue & Fracture of Engineering Materials &
Structures 30 (7) (2007) 608-620.

[2] R. C. Alderliesten, H. J. M. Woerden, Load history effects during fa-
tigue crack propagation in glare, in: M. Guillaume (Ed.), Fatigue of
Aeronautical structures as an Engineering Challenge, Vol. I, 2003, pp.
509-530.

[3] H. M. Plokker, S. U. Khan, R. C. Alderliesten, R. Benedictus, Fa-
tigue crack growth in fibre metal laminates under selective variable-



[4]
[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

REFERENCES 81

amplitude loading, Fatigue Fracture Engineering Materials & Struc-
tures 32 (2009) 233-248.

H. M. Plokker, Crack closure in glare (2005).

M. A. Sutton, M. S. R., ]J. D. Helm, Y. D. Chao, Advances in two-
dimensional and three-dimensional computer vision., Photomecha-
nics, Topics Applied Physics 77 (2000) 323-372.

D. Corr, M. Accardi, L. Graham-Brady, S. Shah, Digital image correla-
tion analysis of interfacial debonding properties and fracture behavior
in concrete, Engineering Fracture Mechanics 74 (2007) 109-121.

H. J. K. Lemmen, R. C. Alderliesten, R. Benedictus, J. C. J. Hof-
stede, R. Rodi, The power of digital image correlation for detailed
elastic-plastic strain measurements, in: M. K. Nikolinakou, G. Tse-
kouras, V. Gekas, D. G. Pavlou (Eds.), New aspects of engineering
mechanics, strucutres and enginereing geology, WSEAS, WSEAS Press,
Athens, 2008, pp. 73-89.

R. Rodi, R. Alderliesten, R. Benedictus, An experimental approach
to investigate detailed failure mechanisms in fibre metal laminates,
in: M. ]. Bos (Ed.), ICAF 2009, Bridging the Gap between Theory
and Operational Practice - Proceedings of the 25th Symposium of
the International Committee on Aeronautical Fatigue, Rotterdam, The
Netherlands,27-29 May 2009, Springer Netherlands, 2009, pp. 493-
512.

T. S. P. Austin, M. M. Singh, P. J. Gregson, P. M. Powell, Charac-
terisation of fatigue crack growth and related damage mechanisms in
frp-metal hybrid laminates, Composites Science and Technology 68 (6)
(2008) 1399 — 1412.

R. Rodi, G. Campoli, R. C. Alderliesten, R. Benedictus, Characteri-
zation of the crack tip behavior in fibre metal laminates by means of
digital image correlation, in: 50th AITAA/ASME/ASCE/AHS/ASC Struc-
tures, Structural Dynamics, and Materials Conference, Palm Springs,
CA., no. ATIAA-2009-2586 in AIAA, 2009, pp. 1-18.

R. Rodi, R. C. Alderliesten, R. Benedictus, The effect of external stif-
feners on the fatigue crack growth in fibre metal laminates, in: A. S.
L. Lazzeri (Ed.), ICAF 2007- Durability and damage tolerance of air-
craft structures: Metal Vs. Composites-24th Symposium of the Inter-
national Committee on Aeronautical Fatigue, Naples, Italy, 2007, pp.
858-875.

R. C. Alderliesten, Fatigue crack propagation and delamination growth
in glare, Ph.D. thesis, Delft University of Technology, Delft (2005).






Reproduced from Khan, S.U., Alderliesten, R. C., Benedictus, R. Fatigue crack growth in fibre metal laminated
under variable amplitude loading. Accepted for International Committee on Aeronautical Fatigue (ICAF)
2009. Rotterdam, The Netherlands, (2009).

o )

Chapter

CRACK-TIP PLASTICITY
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Rectiard Fequwman
(7975-7955)
This chapter presents a quantitative study of crack-tip plasticity under selective variable ampli-
tude (VA) fatigue loading. Centre crack tension specimens made from three types of materials
(i.e., monolithic aluminium, laminated aluminium sheets and fibre metal laminates (FMLs))
were used for this research. Plastic zone sizes induced by overloads were calculated using Ir-
win crack-tip plasticity relation and compared with the ones measured using Digital Image
Correlation for the three materials. A better correlation is observed for FMLs in comparison
with other two materials between the measured and calculated plastic zone size. From the
comparison it is deduced that the Irwin relation combined with a Paris crack growth relation
can be utilized in FMLs for predicting fatigue crack growth under VA loading. This hypothe-
sis has been validated by comparing the test results with the predictions using the extended
fatigue crack growth prediction model incorporating both relations.

\ atigue crack growth is commonly predicted using stress inten-
‘ sity factors that are based on the linear elastic fracture me-
chanics principles. Although the linear elastic representation
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is convenient from an engineering perspective, it is common knowledge that
small scale plasticity occurs at the crack tip, which influences the crack pro-
pagation. This is particularly true for VA loading, where interaction pheno-
mena are observed for crack tip plasticity related to different load cycles.

To develop a crack growth prediction method for FMLs based on the similar
principles as currently applied for monolithic metals, one should not only
understand the influence of delamination growth, as discussed the previous
two chapters. One should also investigate to what extent the small scale
plasticity and related phenomena in the thin sheets of FMLs are similar to
monolithic aluminium.

50
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é 2024 -T3 Alclad
=201 s,=80MPa
= Sa =40 MPa
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§10
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Figure 5.1: Crack growth curves in solid and laminated panels with central crack [1]

Obviously the first question to address is whether the general appearance of
the fracture surface is similar for monolithic aluminium and FMLs. Typical
features as shear lip formation and the transition from a mode I to a mixed
mode 1/111, often denoted as crack slanting have to be evaluated. In ad-
dition, the application of VA loading requires a more detailed investigation
specifically about the crack tip plasticity in addition to the earlier mentioned
delamination phenomena in chapters 3 and 4.

Schijve et al. [1] have tested and compared monolithic metals with the la-
minated sheet specimens for part-through and through cracks. According to
them, the laminates have 1.5 times slower crack growth than solid materials
(as shown in figure 5.1). In addition, it was concluded in their investigation
that, the laminated material implied some extra weight for the adhesive,
which made the improvement rather small and the transition from tensile
mode to shear mode suggested that the five sheets of the laminated material
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didn’'t behave like they are fully separated sheets.

However, even more straightforward it may seem to determine whether the
amount of small scale plasticity, which in Linear Elastic Fracture Mechanics
(LEFM) is related to the Stress Intensity Factor (SIF) is still valid for the thin
sheets in FMLs. Here, is it commonly known that in thick monolithic sheets
the plastic zone varies over the thickness. This variation is attributed to the
transition of stress state from the surface (plane stress) towards the middle
of the sheet (plane strain). It may be expected that the thin sheets used in
FMLs exhibit smaller plastic zone sizes through-thickness that correlate to
a plane stress state.

o
\o
o
0

Figure 5.2: Plane stress/strain formation in: a. Monolithic metal, b. Metal laminate
(without fibres), c. FMLs

Plastic zone sizes under VA loading are used as a comparison criterion for the
three types of materials i.e., monolithic metals, metal laminates (without
fibres) and fibre metal laminates (with fibres). Digital Image Correlation
(DIC)is used to quantitatively compare the plastic zone sizes these materials.
DIC is explained in detail in section 4.1.4.

Figure 5.2-aillustrates a typical plastic zone with plane stress (at surface) and
plane strain (through the thickness). It is also illustrated in figure 5.2-b the
hypothetical effect of reducing the thickness (Metal laminate) and figure 5.2-
c shows the hypothetical effect of further adding the fibre layers to the metal
laminate. It is illustrated in figures 5.2-a and 5.2-b, the hypothetical effects
of reducing the thickness (monolithic metal to laminated sheet of metal). By
reducing the metal thickness, plane stress becomes the dominant stress state
and results in large plastic zone sizes at each metal sheet surface. While in
case of thick monolithic metal the plastic zone is large on the surface (plane
stress) and smaller through the thickness (Plane strain). The stress intensity
factor is reduced by the addition of fibres that contribute to the load transfer
with the fibre bridging stress. This reduction in the stress intensity factor
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correlates to a decrease in the plastic zone size. This effect is illustrated in
figures 5.2-b and 5.2-c.

To determine whether the basic assumptions underlying the LEFM approach
for crack propagation in FMLs are valid for VA loading, the strain fields in the
vicinity of the fatigue cracks in the specimens discussed in the previous chap-
ter (Chapter 4) have been measured with DIC and subsequently analysed. In
addition, the fracture surfaces of these specimens have been evaluated after
the tests to obtain detailed information about the fatigue fracture features.

5.1 Plastic Zone Measurement Techniques

Uguz and Martin [2] have compared different plastic zone measurement
techniques. Their remarks about these techniques are summarized in table
5.1, which lists the various plastic zone measuring techniques with their ad-
vantages, disadvantages, reference and material on which these techniques
were applied. In 1982, Sutton and McNeill [3-6] raised the idea of DIC.
DIC has a number of advantages like the quite ease of test set-up and spe-
cimen preparation, specimen size is not a issue, insensitivity to vibrations
and large strains or significant body movements do not cause difficulties.
However, out-of-plane movement can be quite challenging and complica-
ted. In order to measure out-of-plane displacement more equipment (i.e,
3D or two cameras, etc.), expertise and complex mathematics are needed,
which can be a disadvantage.

Becasue of these advantages of DIC, it was selected to use for this research
as a plastic zone size measurement technique. A DIC tool developed at Delft
University of Technology is used [7-9]. This tool is programmed in Matlab
and is independent of the test type, the amount of images per test or the
size and shape of the grid as long as only in-plane deformations have to be
measured.

Plastic zones created by the overload cycles were calculated for monoli-
thic metal, metal laminate and FMLs using the plastic zone relation (Equa-
tion 2.4). Subsequently, the DIC technique was used to measure the plastic
zone sizes for all of these materials. The plastic zone size in the DIC images
is defined as the plastic deformation at the &, this assumption is validated
and used by Lemmen [10] and Rodi [11].
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Method Plane Advantages Disadvantages Material
strain/
Plane
stress
Deformed grains both Strain  distribution  Applicable to very HSILA
can be determined fine grained materials
Digital Image Corre- | Plane Direct observation of  Sensitive to motion 2024-T3, 7475
lation stress plastic zone, practical Al-Alloy, FMLs
and rapid
Electron Channeling | Both More rapid than  With EBSD can mea-  Low-C steel,
contrast imaging SACP sure strains within
(ECCI) the PZ
Etching Both Direct observation of  Etchants and etching  Fe-3Si, INCO 718
the plastic zone is  conditions should be
possible determined for each
material:Time consu-
ming
Foil strain-gauges Plane Strain  distribution  Delicacy of delaying  Al-alloys and NI-
stress within the plastic ~with tiny strain- AL alloy, MAS87
zone can be determi-  gauges Al P/M alloy
ned
Image distortion Plane Direct observation of  Not very sensitive 7075 Al-alloy
stress the plastic zone is
possible
Microhardness Both Practical and rapid Applicable to strongly  Maraging and
work hardening or  austenitic stain-
softening materials : less steels
Sensitivity depends
on the indentation
size
Moire interferometry Plane Submicron dis-  Vibration-free envi- 2024, 7075 Al-
stress placements and  ronment is needed Alloy, 4340 steel
the amount of de-
formation can be
determined
Optical interference Plane Direct observation of  Interference micro- 2024, 7075 Al-
stress the plastic zone is scope and perfect alloy
possible : Very sensi-  polishing  of  the
tive specimen surface
needed
Photoelectron micro- Plane Direct observation of  Photoemission mi- SAE 1018 and
scopy stress plastic zone is pos-  croscope is needed 1015 steel
sible and not very sensitive
Recrystallization both Real shape and size Less that 2% defor- 304 stainless
of plastic zone can mation cannot be steel, Mild steel
be observed, strain  measured:In carbon-
distribution can be  contraining materails
constructed decarburization may
result
Selected area channe- Both Measurements can be  Specimen  prepara- 6061 AL-alloy
ling patterns (SACP) repeated:Sensitivity tion may be time
is  good:Applicable  consuming:Selected
to any crystalline area size should be
material smaller than the grain
size
Shear lip size measu- Plane Practical and rapid Sensitive measu-  Steel and 7075
rements stress rements cannot be  Al-alloy
made
X-ray microbeam Both The amount of plas-  Sensitivity is limited  Al-alloy, Low C

tic deformation can
be determined in
depth:PZS can be
measured on fracture
surfaces

owing to probe size

steel, Cr-alloyed
steel

Table 5.1: Plastic zone size measurement techniques for metallic materials [ 2]
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5.2 Experimental Program

Fatigue crack growth experiments on monolithic aluminium 2024-T3, lami-
nated aluminium 2024-T3 sheets and GLARE 3-5/4-0.4 have been perfor-
med. Details are given in tables D.1, D.2 and D.3. The thickness of speci-
mens was selected to be approximately equal (i.e., 2 mm). The thickness of
monolithic metal specimens was 2 mm while for metal laminate and GLARE,
the metal layer thickness was 5 x 0.4 = 2 mm, excluding adhesive and fibres.
The geometry of CCT specimen and cross section of the three materials are
illustrated in figure D.1. The starter notches were made by drilling a hole of
3 mm diameter with two saw cuts at both opposite sides oriented perpen-
dicular to the loading direction. The total length of the starter notch (2ag)
was approximately 8 mm.

5.2.1 Test Matrix

Load variations were applied in a CA baseline spectrum with a maximum
stress Syax = 100 MPa and a stress ratio R=0.1. The single OL spectrum has
an overload So. = 145 MPa at ag. =11 mm. The multiple OL spectrum has
three overloadsi.e. So 1 = 145 MPa; So 5, = 130 MPaand S 3 = 115 MPa at
9, 12 and 19 mm respectively. Block loading spectra are constituted of two
stress levels Spaxg = 100 MPa and Syaxo = 140 MPa and vice versa with stress
ratio R=0.1. Details of these tests are given in table D.1, D.2 and D.3.

5.2.2 Test Equipment & Procedure

The tests were conducted in lab air at room temperature on a closed loop
mechanical and computer controlled servo-hydraulic testing system with a
load capacity of 250 KN. The test frequency was 10 Hz. The test setup is
shown in figure D.2.

5.3 Results & Discussion

The output of the DIC software is shown in figures 5.3, 5.4 and 5.5 for
all three materials. Figure 5.6(a) shows the method used to measure the
plastic zone size from the data acquired with the DIC. Figure 5.6(b) shows the
comparison of plastic zone contours acquired using DIC for monolithic 2024-
T3, laminate aluminium sheets and FMLs for CA and OL cases. It is seen in
the figure 5.6-(b) that the plastic zone in the laminated aluminum sheets
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5mm

(b)

Figure 5.3: DIC Outputs: (a) Monolithic Metal - CA, (b) Monolithic Metal - OL

without fibres is larger than the other two materials. The larger plastic zone
in the metal laminate is due to the presence of plane stress as the major
stress state due to the thin metallic sheets. While for the FMLs the plastic
zone size is quite small due to the presence of the fibres. with the addition of
fibres the stress intensity factor becomes quite small, which results in smaller
plastic zone sizes. The quantitative plastic zone size comparison between
calculation and measurement is given in table 5.2.

In case of monolithic metal and metal laminates the calculated plastic zone is
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(b)

Figure 5.4: DIC Outputs: (a) Laminated Aluminium sheets - CA, (b) Laminated Alu-
minium sheets - OL

smaller than the one measured using DIC. This means that predictions using
only the plastic zone calculation combined with the Paris’s crack growth re-
lation (Wheeler) will be erroneous. This mismatch between the calculation
and measurement also indicate the existence of other overload related phe-
nomena such as delayed retardation, gradual increase of crack growth rate
after retardation, etc. On the other hand, for FMLs the difference between
the calculated and measured plastic zone size is quite small. This may allow
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10mm

(b)

Figure 5.5: DIC Outputs: (a) FML - CA, (b) FML - OL

to use a plastic zone relation in combination with a crack growth relation.
Here, the Wheeler yield zone retardation model [12] is chosen as the model
that combines the Irwin approach and, the Paris crack growth relation.

Other observations with the DIC measurement is the almost constant plas-
tic zone size in FMLs, while in the case of monolithic and metal laminate
the plastic zone increased with the increase in crack length, as illustrated in
figure 5.7. From equation 2.4, it is known that the plastic zone is directly
related to the crack-tip stress intensity factor (Kp). In monolithic metals



92 CRACK-TIP PLASTICITY

8
6F
i —O~..
= ,/-'Q \"ﬁ\
‘e afF - nd e
E F 7" !
- Ve
< 2fF 4 o
o - ¢ /-
e = / . . g
S L ; Plastic zone size 3
= s measured y
8 OF ‘/é
s - [
B F o
[a] o \
2F 9
= -
3 - 2
- Y S o~
4F .
- Crack location
e v e b
8 ] 10 12 14
Distance from Center of Specimen - [mm]
(@
8.
; Constant Amplitude
[ | —-—B—--— Overload .
6 Metal Laminate
L. Monolithic 2024-T3
T aF
E |
~ F
% -
S 2F
o =
e =
o 5
8 0.F
c =
I -
.2 o
[a)] o
2F
. g Crack location S o
:\ L L L I L L L L I L L L L I L L L L I L L L L I L L L L I L L L L
8 9 10 11 12 13 14 15

Distance from Center of Specimen - [mm]

(b)

Figure 5.6: Plastic zone size : (a). Measurement technique, (b). Comparison of Plastic
zone measurement for CA and OL (Monolithic, Aluminium laminate and FML)
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Figure 5.7: Plastic zone formation and sizes comparison in Metals and FMLs

and metal laminates, Kiip, depends on the crack length and increases with
the corresponding increase in crack length. But in case of FMLs, the plastic
zone size remained constant. One expect that increasing the crack length, for
the same stress, will increases the Kip. However, increase in crack length
results in the increase of number of fibres bridging the crack and fibre brid-
ging stress intensity factor Ky,. According to equation 5.1, K¢p will remain
almost constant, resulting in constant plastic zone size.

Ktip:Kff_Kbr (5-1)

5.3.1 Shear-Lip Formation & Topology

Figures 5.8, 5.9 and 5.10 shows the comparison of shear-lip formation and
topology in monolithic metal, laminated metal sheets and FMLs. Figure 5.8
shows the shear-lips formation in monolithic metal for CA, single OL, mul-
tiple OL and block OL. The shear-lips shown in this figure have typical sur-
face topology of tensile mode in start and followed by shear mode. The crack
starts with a pure tensile mode, followed by the change in mode from pure
tensile to a shear mode or mix-mode causing a shift in crack surface (flank)
from flat to slant. In addition, dark markings are observed for single and
multiple OL. Details about this typical formation of shear-lips can be found

in [13-15].
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Monolithic Aluminium 2024-T3

Crack length Plastic zone size
Calculated  Measured (DIC)

[mm] [mm] [mm]
Al 11.25 0.95 1.25
Al 13.5 1.134 2.2
A2 11.25 0.95 1.5
A2 | 11.25 (at OL) 1.987 3.0
A3 6 0.504 1.25
A3 | 6(atOL;) 1.06 3.0
A3 9 0.76 2.0
A3 | 9(atOLy) 1.28 3.0

Laminated Aluminium Sheets
B1 13 1.092 1.6
B1 16 1.344 2
B2 15 1.26 1.8
B2 | 15 (at OL) 2.65 4.0
B3 9 0.84 1.2
B3 | 9(atOLy) 1.77 2.2
B3 11 1.04 1.5
B3 | 11 (at OLp) 1.76 3
B5 12.6 2.226 4.6
B5 12.6 (HI->LO) 1.0586 2.2
GLARE3 5/4-0.4

C1 12.75 0.2 0.25
C1 19.25 0.2 0.25
c2 11.1 0.2 0.25
c2 | 11.1(atOL) 0.41 0.5
C3 9.25 0.2 0.25
€3 | 9.25 (at OLy) 0.37 0.4
C3 12.3 0.2 0.25
€3 | 12.3 (at OLy) 0.25 0.35
C5 13.2 0.35 0.4
C5 13.2 (HI->LO) 0.2 0.25

Table 5.2: Plastic zone measurement

Figure 5.9 shows the shear-lip formation in laminated metal sheets without
fibres. The shear-lips are quite small compared to the monolithic metal and
it occurs very late during the fatigue crack growth. This shows a smaller
tensile region than observed in the case of monolithic metals. The same
observations were reported by Schijve et al. [ 1] when comparing monolithic
metal and metal laminate. While for the multiple OL and block OL case, a
bold striation mark is observed on the crack surface at the ag . It is observed
in the overload specimens that the crack lengths in all the metal layers are
equal. This confirms equal crack growth rate in all the layers.

Figure 5.10 shows the shear-lip formation in FMLs. It was observed during
the test that cracks grow almost in a straight line. After removing the speci-
mens from the test machine, it was quite hard to see the crack because of the
presence of fibres closing the crack. In addition, the crack flanks are straight
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Shear-Lip Formation Tensile mode

(a) Delayed in flat-slant transformation due to overload Slanted crack

(b) ] " Application of overload Slanted crack

Slant crack Shift of load from HI to LO

(d)

Figure 5.8: Shear lip formation in Monolithic metal: a.Constant amplitude, b. Single
overload, c. Multiple overloads, d. Block overload (HI-LO)

and quite smooth having a perfect match with each other. Figures 5.10
shows similar findings. In case of monolithic metal and laminated metal
sheets, it is quite clear to see the shear-lip and overload markings with the
naked eye or with an optical microscope while in case of FMLs it is quite dif-
ficult to use either of these techniques to see the shear-lip. Rodi et al. [16]
has used SEM to investigate the shear-lips topology in FMLs under static
loads. For this investigation, although they has removed the fibre layers
but have the similar observations.

The crack growth rate and stress intensity factors of metal laminate, mono-
lithic metal and FMLs are shown in figure 5.11. The crack growth rate of
monolithic metal is faster than the two other materials and the same is the
case for the stress intensity factor range. The curves for monolithic metal
and metal laminate are quite similar to each other with the only difference in
the shear-lips transition. In the metal laminate, the shear-lips transition is
later than in the monolithic metal, but the transition is faster in comparison
with monlithic metal. The shear lips transition is indicated in the figure with
a dotted box. For the FMLs no shear lip transition is observed because the
crack surface remained quite smooth.

The other noticeable ohservation is the equal crack length in the different
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Figure 5.9: Shear lip formation in Laminated Metal Sheets: a. Constant amplitude,
b. Single overload, c. Multiple overloads, d. Block overload (HI-LO)

metal layers of FMLs. During all the previous studies, equal crack length
was assumed. But during this study, it was proven to be a quite accurate
assumption. The overload mark on all the metallic surfaces and the crack
lengths at the end of fatigue crack growth test were quite close to each other.

Summary

DIC was used for measuring plastic zone sizes in monolithic metal, metal la-
minates and FMLs. Plastic zones created by overloads were predicted using
a simple theory and measured using DIC. In case of monolithic metals and
metal laminates, a big difference was observed between the predicted and
measured sizes. On the other hand, a small difference was observed bet-
ween the predicted and measured plastic zone size in FMLs. The plastic
zone size calculated as well as measured for FMLs is almost constant at any
crack length, which is corresponding to the constant Ky, observed for FMLs.

In addition, shear-lip formation was compared for monolithic metal, metal
laminates and FMLs. Monolithic metals showed typical shear-lip profiles
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Delaminated
Fibres

(b)

Figure 5.10: Shear lip formation in Fibre metal laminates : (a).Constant ampli-
tude, (b).Block overload (HI-LO)

with the tensile mode followed by a transition mode and finally a shear
mode. For metal laminates (without fibres) the mode transition happens
quite late during the fatigue crack growth, but the transition length is smal-
ler as compared to monolithic metals. In FMLs, it is quite difficult to see
the shear-lip profile with naked eye or optical microscope. Like the metal
laminate, the major part of crack surface is flat and apparently no shear-lips
formation is observed on the crack surface.
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Chapter

PREDICTION MODEL

The anly nelevant test of the validity of a bypothescs co comparison of
prediction with expercence.

(7972-2006)

This chapter presents the experimental and analytical research on the applicability of the fatigue
crack growth prediction models to Fibre Metal Laminates under variable amplitude loading. A
recently developed constant amplitude analytical prediction model for Fibre Metal Laminates
has been extended to predict fatigue crack growth under variable amplitude loading using Li-
near Damage Accumulation, Yield Zone and Crack Closure Models. These updated models
have been compared with crack growth tests on Fibre Metal Laminates center-cracked tension
specimen. In the end it is discussed to what extent or under which conditions the predictions
from these models are sufficiently accurate for Fibre Metal Laminates structures.

? any investigations have been performed to understand the fa-
tigue behaviour of different materials under VA loadings. This
resulted in the development of a number of prediction models
ranging from simple non-interaction models to more advance
interaction models [1].

101
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One main advantage of FMLs is the slow and almost constant rate of crack
growth under constant amplitude (CA) fatigue loading. This property is due
to the load bridging behaviour of the intact fibre layers around a cracked me-
tallic layer. This bridging effect reduces the effective stress intensity factor
in the cracked metallic layers, resulting in a smaller crack tip plastic zone,
and thus smaller interaction effects under variable amplitude (VA) loading.
As far as interaction effects are concerned, Plokker et. al. [2] have reported
the absence of crack growth acceleration effects in FMLs under different un-
derloads and over/under load combinations and highlighted the presence,
although to a lesser degree compared to monolithic metals, of crack growth
retardation in FMLs. Due to this limited retardation, fatigue crack growth
predictions under VA based on Linear Damage Accumulation (a simple non-
interaction model [2, 3]), correlate well with experimental data for load
spectra with minor variations. However, a mismatch is observed in case
of spectra where load variations are more distinct.

A major follow up question is whether a simple interaction model would
be sufficient to describe the retardation effects during the large and distinct
load sequences occurring in these load spectra. To answer this question, the
Wheeler crack growth prediction model [4], being one of the simplest and
most widely employed [5-19] model to quantify the fatigue crack growth
retardation under selective VA loadings, is selected for fatigue crack growth
predictionin FMLs. Fatigue crack growth predictions made with the Wheeler
model for monolithic metals are quite inaccurate due to the existence of
large plasticity due to overloads, details can be found in [1, 7, 20-24]. An
additional modification to the Wheeler model is also included to incorporate
crack closure effects in addition to the plastic zone effects.

Finally, CORPUS- the crack closure model is also models to compare the
predicitons of Yield zone model with the crack closure model. This compa-
rison facilitates the approach of simplified model for complex material like
FMLs.

Kiip = Koo — Kpr (6.1)

6.1 Linear Damage Accumulation (LDA)

The linear damage accumulation model is based on a cycle-by-cycle analy-
sis independent of proceeding load cycles. It is an integration of calculated
crack growth increments Aa; using crack growth relations [25] to obtain a
prediction for the full load spectrum. As a result, it is the simplest mo-
del to predict the crack growth under VA loading. The advantage of the LDA
rule is computational efficiency, while the disadvantage is non-consideration
of non-linear fracture mechanics concepts such as plastic zone formation in



LINEAR DAMAGE ACCUMULATION (LDA) 103

front of the crack tip, crack closure in the wake of crack, crack growth re-
tardation and crack growth acceleration. In general, the LDA rule can be
presented mathematically as:

a—ao+'if(AK,r,..)—ao+iAa4 (6.2)

A model has been developed using the LDA rule (equation 6.2), in order

START PROGRAM
MATERIAL >
PARAMETERS
CRACK/NOTCH /, > NBUTFIIE
GEOMETRY, SPECTRUM
PARIS CONSTANTS ) SmaxsSmin
FOR CRACK &
DELAMINATION a4
GROWTH NC=0, AN=1
INITIAL »le
DELAMINATION /Ll
SHAPE Obr(X)

!

Aa=AN.da/dN
Ab=AN.db(x)/dN

a=a+Aa

b(x) = b(x) + Ab(x)
Nc = N¢ + AN

o

YES
v

END PROGRAM

Figure 6.1: Flow diagram of the LDA crack growth prediction model

to investigate the prediction accuracy of the LDA rule for FMLs under VA
loading. The CA model of Alderliesten[26, 27] has been used as the basis
for development of this VA prediction model using LDA rule for FMLs. The
flow diagram of the LDA prediction model is shown in figure 6.1.
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6.2 Yield Zone Model

The VA LDA model is modified, using Yield zone model, to validate the hy-
pothesis that limited retardation effects in FMLs as compared to monoli-
thic aluminium are easier to predict with simple methods. A simple non-
interaction model based on Linear Damage Accumulation (LDA) was deve-
loped . LDA model predicts well for the cases with limited crack growth
retardation as observed in steep spectra with few high stress cycles. But the
predictions were inaccurate for the load spectra causing large fatigue crack
growth retardation as ohserved in flat spectra with a large number of high
stress cycles. Details about the model and its performance can be found

in [2, 3].

The next step in the model development is to include a simple retardation
model. The yield zone model (equation 2.8) is selected for implementation
for fatigue crack growth prediction in FMLs. The modified Wheeler model,
equation 2.12, is used for calculating the crack growth rate. The flow dia-
gram of the VA FMLs model with this modified Wheeler model is shown in
figure 6.2.

6.3 Crack Closure Model

The details of the crack closure models are given in section 2.8.7. One of the
famous crack closure model (CORPUS) is used, in this thesis, for the fatigue
crack growth prediction in FMLs. The flow diagram of this model is shown
in figure 6.3.

6.4 Model validation using test data

To validate the model, fatigue crack growth experiments on GLARE 3-4/3-
0.3 with cross-ply fibre orientation have been performed. These fatigue
crack growth tests have been performed on center-cracked tension (CCT)
specimens, for which the geometry is illustrated in figure D.2. The starter
notches are made by drilling a hole of 3 mm diameter with two saw cuts, di-
recting perpendicular to the loading direction. The total length of the starter
notch (2ag) is approximately 5 mm.
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Figure 6.2: Flow diagram for the modified Wheeler crack growth prediction model
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6.4.1 Test Matrix

Four types of VA load sequences are used for the performance evaluation of
all prediction models. Detail of these tests are given in table 6.1.

To study the retardation and other overload related phenomena, a building
block approach is used; starting from a simple OL to complex flight spec-
tra. For the single overload case a CA haseline spectrum with a maximum
stress Syax = 120 MPa and a stress ratio R= 0.1 is used. A single overload
of So. =175 MPa is applied at 100 kcycles equivalent to a crack length of
aoL=9.5 mm.

A multiple overload spectrum is the second load sequence type. The same
CA baseline spectrum is used with three overloads of S5 1 = 175 MPa; S5
= 158 MPa applied at 100, 160and 220kcycles equivalent to ag 1 = 9.3 mm;
aoL2 = 13.5 mm; ap 3 = 17.5 mm and respectively. The multiple overload
spectrum is used to investigate whether the modified Wheeler model can be
used to predict crack growth retardation after each overload and to what
extent the three overloads interfere with each other.

The third type of load sequences investigated is a block load sequence with
two configurations i.e., LO-HI and HI-LO. The same stress levels are used
for both the block load sequences. Two stress levels Syax; = 100 MPa for the
LO cycles and Syaxo = 140 MPa for the HI cycles with a stress ratio R=0.1
are used. The change in the stress level is applied at 100 kcycles. In case
of LO-HI sequence stress level are changed at arg=6.9 mm and for HI-LO
arr=12.7 mm. These load sequences are used to investigate the effect of
block of overload cycles on the fatigue crack growth.

Apart from these selective VA load spectra, representative complex flight
spectra are also used for the model evaluation. Qualitatively, these spectra
are Spectrum-I which is a typical wide body fuselage spectrum, spectrum-I1
which is a Mega linear front fuselage spectrum and Spectrum-I11 which is a
Mega liner aft fuselage spectrum. Spectrum I and Spectrum II are almost
identical with a small number of overloads while Spectrum-II is different
and a more severe spectrum. Spectrum-I1 has a large number of overloads
applied very close to each other.

6.4.2 Test Equipment & Procedures

The tests were conducted in lab air at room temperature on a closed loop
mechanical and computer controlled servo-hydraulic testing system with a
load capacity of 6 metric tons. The test frequency was 10 Hz.
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Table 6.1: Fatigue crack growth test matrix

CA cycles Load variation
Type of Loading Maximum stress  Stress ratio
[MPa] [MPa]
Single overload 120 0.1 175
Sou4 =175 MPa So1, =158 MPa
Swax=120MPal| | SoL; =139 MPa
Multiple overload Spin =12 /VVVY VVV VNV V. 120 0.1 175,158,139
ao,_1=9.33 mmi :
_
a2 .=13.54 mm
Block loading-LO-HI 100 0.1 140
Block loading-HI-LO 140 0.1 100

Spectrum loading-1

Spectrum loading-11

Wide body fuselage spectrum

Mega liner front fuselage spectrum

Spectrum loading-111

Mega liner aft fuselage spectrum

0 5000 10000 15000 20000 25000 30000 35000
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6.5 Results and Discussion

6.5.1 Linear damage accumulation

The comparisons of LDA predictions with the tests results are shown in fi-
gures 6.4-6.10.

Single Overload

Figure 6.4 shows the comparison for single overload of 175 MPa in the CA
baseline cycles of Syax = 120 MPa and stress ratio R=0.1.

The crack growth retardation is not predicted due to the limitation of LDA
approach being a non-interaction model. The magnitude of retardation in
case of a FMLs is less than the monolithic metals case making the LDA pre-
dictions slightly more reliable for FMLs. The comparison also shows that
the crack growth rate gets back to the original rate as soon as the crack is
out of retardation region (which is always larger than plastic zone size).

Multiple Overload

Similar to the single overload case (figure 6.4(a)), the crack growth rate in the
multiple overload case (figure 6.5(a)) gets back to original level depending
on the magnitude of So. and Rp.. Figure 6.5(a) shows the comparison for the
case with multiple overloads of 175, 158 and 139 MPa respectively in the CA
baseline cycles of Syux=120 MPa and R=0.1. It is known from the literature
that in metals the retardation region is highly influenced by the magnitude
of S, and similar behavior is seen in case of GLARE. By reducing the S
from 175 to 158 and then to 139 MPa the crack growth retardation keep
decreasing (figure 6.5(a)).

Block load

Figures 6.6 and 6.7 show the comparison between LDA prediction and test
results for the two different sequences of block loads. The stress values are
Srex1 =100 MPa, R=0.1 and Spxx=140MPa, R=0.1. Figure 6.6(a) shows the
comparison for the Low-High block loading case. Since the loading sequence
is going from low to high values, there will not be any retardation but due
to increase in stress level, crack growth acceleration is observed. The error
in this case is less than the cases shown in figures 6.4 and 6.5, because the
interaction effects are absent in the test.
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Figure 6.7(a) shows the comparison between test results and the LDA pre-
dictions in case of the high-low block loading sequence. The error in crack
growth prediction is evident from this comparison. Due to the presence of
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block of high (overload) cycles the crack growth retardation is more than
the case of a single overload. Here it is clear that the LDA bheing a non-
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interaction model is unable to predict the crack growth and retardation.

Flight spectra

Figure 6.8- 6.10 exhibit the comparison of crack growth test results with the
LDA predictions for representative complex aircraft spectra. Three different
spectra are used with different Syax values and sequences. Spectrum I is a
wide body fuselage spectrum while spectrum 11 is a mega liner front fuselage
spectrum and Spectrum I11 is mega liner aft fuselage spectrum, as detailed in
table 6.1. The loading spectrum (Spectrum IT) used in figure 6.9 is a severe
spectrum with a lot of variations in the stress peaks.

The observed mismatch in LDA prediction and test result for spectrum I1I
(figure 6.9), while only a small error is observed for the other two spectra
(figures 6.8,6.10) can be attributed to the nature of these spectra. To avoid
disclosing proprietary information, only the graphical representation of the
three spectra in figure 6.8, 6.9 and 6.10 will be used for comparison and
discussion. Comparing the spectra, one can observe that spectrum I and 11
have all loads randomly distributed between minimum and maximum va-
lues. Only spectrum 111 seems to have less amplitude cycles on the lower
stress range, but that has no significant effect on crack growth, resulting
in similar behavior as spectrum I. However, spectrum Il has clearly large
load cycles distributed throughout the spectrum with mostly stress cycles in
the lower stress range. These high stresses have a retardation effect on the
smaller stress cycles that are not captured by LDA predictions.

Comparing to a single overload situation figure 6.4, the crack in figure 6.9
seems unable to grow out of the retardation zone of previous high load in the
spectrum I before facing subsequent high load. This continuous retardation
not captured by LDA results in the systematic mismatch.

6.5.2 Yield Zone Model

Figures 6.4-6.10 show the comparisons of the predictions with the FMLs
models with the tests results.

Single Overload

The comparison for single overload of 175 MPa in the CA baseline cycles of
Srax = 120 MPa and stress ratio R= 0.1 is shown in figure 6.4. The modified
Wheeler is able to accurately predict the crack growth retardation observed
for a single overload cycle as shown in figure 6.4. An interesting observation
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from figure 6.4 is that there is hardly any difference between the prediction
and experimental data after the application of overload. In other words, the
number of delay cycles predicted and observed in the test are almost equal.
This can be attributed to the existence of intact fibers which restrain the crack
opening and reduces the Kyp (equation 6.1) leading to the small plastic zone
which is equal to the one calculated using Irwin’s relation(equation 2.4). The
crack growth rate returns to the previous level as soon as the crack tip is out
of the plastic zone formed by the overload. Figure 6.4-(b) shows the crack
length Vs. number of cycles for single overload case.

Multiple Overload

Figure 6.5 shows the comparison for the case with multiple overloads of 175,
158 and 139 MPa respectively in the CA baseline cycles of Syax=120 MPa and
R=0.1. The crack growth rate in the multiple overload case, also returns to
original level depending on the magnitude of S5, and Rp, . This behaviour is
similar to the one observed in single overload case, shown in figure 6.5. It
is known from the literature that in metals the retardation region is highly
influenced by the magnitude of S, and similar behavior is observed in case
of FMLs. By reducing the Sy from 175 to 158 and then to 139 MPa the
crack growth retardation effect decreases (figure 6.5. As far as predictions
are concerned, the modified Wheeler model seems able to perform accurate
predictions for isolated overload cases up to Ro. =1.45. Figure 6.5-(b) shows
the crack length Vs. number of cycles.

Block Load

Figures 6.6 and 6.7 show the comparison between the modified Wheeler
model prediction and test results for the two different sequences of block
loads. The stress values are Syax;=100 MPa, and Syaxo=140MPa, both at
R=0.1. Figure 6.6 shows the comparison for the LO-HI block loading case.
As the load sequence is going from low to high values, there will not be
any retardation, but due to an increase in the stress level, the crack growth
rate increases to the level associated with the higher stress level. The error
observed in this case is less than the other cases shown in figures 6.4 and
6.5, because the interaction effects are absent in the test.

Figure 6.7 shows the comparison between test results and the modified
Wheeler model predictions in case of the HI-LO block load sequence. Al-
though a retardation level is computed with the modified Wheeler model, a
delay retardation can be observed in the experiments that is not captured by
the model predictions. Similar to metals, in FMLs a large block of overload
cycles creates larger plastic zones resulting in large retardation. As far as the
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modified Wheeler model in case of HI-LO block loading is concerned, the
initial retardation after the transition from HI-LO load is predicted, but the
number of delay cycles is inaccurate. After predicting the initial retardation
accurately, after the overload, a mismatch is observed in the prediction and
experiment, as shown in figure 6.7-(b). This can be explained as, in case of
large plasticity due to large number of high cycles the predictions are inac-
curate.

Flight Spectra

Figures 6.8-6.10 show the comparison of crack growth test results with the
the modified Wheeler model predictions for representative complex aircraft
spectra. Three different spectra are used with different Sy« values and se-
quences. The loading spectrum used in figure 6.9 is a severe spectrum with a
lot of variations in the stress peaks. To avoid disclosing proprietary informa-
tion, only the graphical representation of the three spectra in figures 6.8-6.10
will be used for comparison and discussion.

A mismatch is observed for the modified Wheeler prediction and test re-
sult for spectrum II (figure 6.9), while only a small error is observed for the
other two spectra (figures 6.8-6.10). This can be attributed to the nature
of these spectra. Comparing the spectra, one can observe that spectrum I
and 11 have all loads randomly distributed between minimum and maximum
values. Only spectrum 111 seems to have less amplitude cycles on the lower
stress range, but that has no significant retardation effect on crack growth,
resulting in similar behavior as spectrum 1. However, spectrum 11 has clearly
large load cycles distributed throughout the spectrum with the majority of
the stress cycles in the lower stress range.

Comparing to a single overload situation figure 6.4-(a), the crack in figure 6.9
seems unable to grow out of the retardation zone of previous high load in the
spectrum I1 before facing a subsequent high load. This continuous retarda-
tion, not captured by the modified Wheeler model, results in the systematic
mismatch. This concept is illustrated in figure 6.11. In the modified Wheeler
model, the crack growth rate returns to the original rate(prior overload) very
quickly, while in reality it takes longer (larger number of delay cycles). Se-
condly, in case of the complex Spectrum 11, the situation is further complica-
ted by the application of additional overloads before the actual crack growth
rate has reached its original level. A small error is generated due to the dif-
ference of actual and predicted crack growth rate when another overload is
applied (point B shown in figure 6.11). This small error is compounded due
to the application of consecutive overloads (point C in figure 6.11). Because
of this, a lower crack growth rate is observed in experiments compared to
the predictions (figure 6.9).



RESULTS AND DISCUSSION 117

10°

ey
<
2
ES
£
3 F . < -
— O X RO OO OO
i o <><>z><>"'<>$<><><§><§<§ o o>
(] |
+—
c | <
—
- |
%10’2 o
haet N
o [
v B
% |
1 R erimental Data
g | - G
CC Predictions
PRI RN RRNIEN SURNETEN AVENE RN SIS ST R
5 5 12 1€
Crack length [mm]
@)
15 7
| e
| / g
| 7
i FE
12}f A
| id Q
£ | e
= A
] /// 0
5 : /'/ O
= | oo
C i /// o
m v /”
2 sk r
X 5 /’/,0'/
O 5 S
c LA
e - o
O &°
Ly SO Somemon
5 YZM Predictions
i CC Predictions
0 i 1 P 1 -
0 50 — 100 ] 150 200
No. of Flights [K flights
(b

Figure 6.8: Correlation between experiment and predictions for Flight spectrum
I: (a). Crack growth rate Vs. Crack length, (b). Crack length Vs. Number of Flights



118 PREDICTION MODEL

ZT
2
E |
e 1
=
— | ‘\\\
2 ~
= . P
= o0
clO o o
E B Oooof%
i > &0
© I o o
o |
X o
S | o
,,,,,,,, Eperimental
— | e redicti
o 77777 ‘I}I;/:Aireddi;t
CC Predictio
el
10 0 6 12
Crack length [mm]
@)
10 -
| /
- /
- /
- /
7
8 / .
| / <
— | , ©
e | o e®
E | v
. 6 7 00'0
(@] - ,/'/ oo
% 5 4
o L[ o0
x | (o
e
§ Ptd
O ¢ 0
Zj --—&--—- Experimental Data
== YZM Predictions
LDA Predictions
| CC Predictions
I L L L ‘
OO 100

20 40 60 _ 80
No. of Flights [K flights]
(b)

Figure 6.9: Correlation between experiment and predictions for Flight spectrum
I1: (a). Crack growth rate Vs. Crack length, (b). Crack length Vs. Number of Flights



Figure 6.10:

RESULTS AND DISCUSSION

@0
S I
%) B
~ |
E |
=
g | b s
© o O 0\9?69000 o <o
Pt o o OO
st °
o [
=
(@)] B
% | )
3 —O— Spiaose
—_ S YZM Predictions
U CC Predictions
2L | 1 | 1 | L
10 0 6 12 1€
Crack length [mm]
@
24
i ©
20 ;
[ o
— | &
E | 3
R <
éle B /// Q
1 i 2 <o
! o
< - 7
+— p
o 12| s
c | L
Q i /'/00
X - R
O 8 7L
c | e
S | 0
O R
i éo _
4 & ----<€)-=-~ Experimental Data
R LDA Predictions
<;0 77777 YZM Predictions
[ CC Predictions
ol b o )
0 30 60 .90 120 150 180
No. of Flights [K flights]
(b)

119

Correlation between experiment and prediction for flight spectra
I11: (a)crack Growth Rate vs. Crack Length, (b)Crack Length Vs. Number of Flights



120 PREDICTION MODEL
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B - Application of second
overload

C - Application of Third
overload

Crack growth rate
level prior to
overload

e iy | AR \

Crack growth rate

,'<-|Actual behavior

1 1
1 1
1 1
1 1
1
1
1
1

1
1
1
|

Predicted behavior

1

1

1

| R )
1
1
1

1
1
1
1
)

Crack length

Figure 6.11: I[llustration explaining the reason of mismatch for complex spectra (e.g.
Spectrum II)

One may also relate this behavior to de Koning’s [28] primary and secondary
plastic zone concept that makes the large difference between the prediction
and test results.

6.5.3 Crack Closure Model

Figures 6.4-6.8 show the comparisons of the predictions with the Crack clo-
sure FMLs model with the tests results.

Single Overload

The comparison for single overload of 175 MPa in the CA baseline cycles of
Srax = 120 MPa and stress ratio R= 0.1 is shown in figure 6.4. The crack
closure model is able to accurately predict the crack growth retardation ob-
served for a single overload cycle as shown in figure 6.4-(a). An interesting



RESULTS AND DISCUSSION 121

observation from figure 6.4-(a) is the prediction of delayed retardation at
the time of application of overload. This phenomenon is not predicted by
LDA and Modified yield Zone Model. In addition, unlike yield zone model
the crack tip takes sometime to get back to the pre-overload crack growth
rate. Figure 6.4-(b) shows the crack length Vs. number of cycles for single
overload case.

Multiple Overload

Figure 6.5 shows the comparison for the case with multiple overloads of
175, 158 and 139 MPa respectively in the CA baseline cycles of Sx=120
MPa and R=0.1. The crack growth rate in the multiple overload case, also
show the delayed retardation at the application of overload. But the delayed
retardation is very much depending on the overload ratio, since it is not quite
prominent in the So. =158 and 130 MP cases. Similar to single overload case,
crack-tip takes sometime to get back to the pre-overload crack growth rate.
Figure 6.5-(b) shows the crack length Vs. number of cycles.

Block Load

Figures 6.6 and 6.7 show the comparison between the crack closure model
prediction and test results for the two different sequences of block loads.
The stress values are Syax; =100 MPa, and Sy, =140MPa, both at R=0.1.
Figure 6.6 shows the comparison for the LO-HI block loading case. As the
load sequence is going from low to high values, there will not be any re-
tardation, but due to an increase in the stress level, the crack growth rate
increases to the level associated with the higher stress level. The error ob-
served in this case is less than the other cases shown in figures 6.4 and 6.5,
because the interaction effects are absent in the test.

Figure 6.7 shows the comparison between test results and the crack closure
model predictions in case of the HI-LO block load sequence. Crack closure
model is able to predict number of delay cycle quite close to the experimental
data similar to single and multiple overload case. This statement can be
observed in the crack length Vs. Number of cycle curve shown in figure 6.7-

(b).

Flight Spectra

Figures 6.8-6.10 show the comparison of crack growth test results with the
the crack closure model’s predictions for representative complex aircraft spec-
tra. Three different spectra are used with different Syax values and sequences.
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The loading spectrum used in figure 6.9 is a severe spectrum with a lot of
variations in the stress peaks. To avoid disclosing proprietary information,
only the graphical representation of the three spectra in figures 6.8-6.10 will
be used for comparison and discussion.

A mismatch is observed for the crack closure prediction and test result for
all three spectra (figure 6.8-6.10). However, the difference between the pre-
diction and experimental data is quite large for the Spectrum 1 while the
difference is smaller for the other two spectra. But the model is under-
predicting the crack growth rate and this is observed as well in the crack
length Vs. Number of cycle curves. This mismatch can be attributed to the
over estimation of crack-tip plastic zone size especially due to the secondary
plastic zone.

6.6 Summary

A Linear Damage Accumulation based model has been introduced and eva-
luated with experimental results. It has been shown that the model does not
predict the crack growth well, when distinct load sequences occur in the ap-
plied spectrum. However, for load variations with small interaction effects
and full aircraft spectra with randomly distributed load cycles, the model
correlated fairly well with experimental results.

Furthermore, it has been observed from the experiments, that the crack
growth retardation after an overload gradually diminishes until the crack
growth rate has reached its level prior to the application of the overload.
Although different in magnitude, the phenomenon corresponds qualitati-
vely with the behavior observed for monolithic metals. Similar to metals is
the dependency of the crack growth retardation on the overload ratio Rgy .
Small ratio’s results in less retardation and smaller delay zones.

Out of the three evaluated aircraft fuselage spectra, two correlated quite well
with the predictions based on non-interaction. The spectrum for which the
correlation was insufficient contained distinct severe peak cycles as compa-
red to the remainder of the spectrum cycles. This might induce more distinct
crack growth retardation, which is not captured by the non-interaction mo-
del. This supports the conclusion that the LDA based prediction of crack
growth in FMLs can only be accurate if the load cycles are evenly and ran-
domly distributed throughout the applied load spectrum.

The fatigue crack growth behavior in FMLs has been further investigated
using a simple interaction model. The experimental data for different selec-
tive variable amplitude loading and flight spectra reasonably correlates with
the Yield Zone model predictions. The basic assumption of small interaction
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effects due to crack bridging proves to be valid.

In case of selective VA loading the prediction model performs well. In single
overload, modified Wheeler model is able to predict the crack growth re-
tardation and number of delay cycles exceptionally well. The same can be
concluded for multiple overload and block load (LO-HI).

For block loading, LO-HI is the spectrum which cannot cause crack growth
retardation. Modified Wheeler model predictions are in good agreement
with the test data. The model is able to follow the trend as the Syax is
changed from LO to HI. However, for the HI-LO the model is able to pre-
dict the crack growth retardation but the number of delay cycles is different
sequence, from the test data. This error is due to the basic definition of
crack-tip plasticity being the only cause of crack growth retardation in the
modified Wheeler prediction model.

For flight spectra, the model predict well for Spectrum I (Wide body fuselage
spectrum) and Spectrum 111 (Mega liner front fuselage spectrum). For Spec-
trum IT (Mega liner aft fuselage spectrum) predictions are relatively poor.
This mismatch is due to the different nature (frequent overloads are occur-
ring closely) of Spectrum II from other spectra.

Finally, the crack closure model is used to predict the crack growth for the
selective and flight spectra. Although, the model is able to show the delayed
retardation at the application of overload and the number of delayed cycles
matches the experimental data more than Yield zone model. but for the
flight spectra, the predictions are quite far from the experimental data. This
mismatch can be attributed to the over estimation of crack-tip plastic zone
especially due to the estimation of secondary plastic zone.

In short, the yield zone model, predicted well for most of the spectra with li-
mited load variations i.e. small peak-to-peak ratio and less arbitrary/distinct
distribution of load cycles in spectrum.
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Post-stretching is a potential method to change the unfavorable residual stress system in Fibre
metal laminates (FMLs). During post-stretching of the material, the metal layers will be strai-
ned into the plastic region of the stress-strain curve, while the fibre layers remain elastic. After
unloading, the residual stress system due to curing will be reduced or even reversed dependent
on the amount of stretching. Classical laminate theory is further extended to calculate the stress
redistribution after stretching the uni-directional laminates (ARALL and GLARE). This chapter
present the method to calculate the residual internal stress distribution in the fibre direction.
For the validation of the post-stretching formulations, fatigue crack growth tests performed on
GLARE1-2/1, 3/2, 4/3, 5/4-0.3 have been compared with post-stretched prediction model.
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ibre Metal Laminates (FMLs) are cured at elevated tempera-

tures. At the curing temperature there are no internal stresses

l present. But during the cooling process the thermal contrac-

tion of the aluminium layers will be greater than the thermal

contraction of the fibre layers as result of the difference in thermal expan-

sion coefficients. This results in an un-favourable stress distribution of metal
with tensile and fibre with compressive stresses.

Figure 2.1 shows that cooling down results in a tensile stress in the alumi-
nium layers, which depends on the lay-up. This stress is unfavorable consi-
dering fatigue loading. The stress allows an increased crack opening and so
enlarges the stress intensity factor variation at the crack tip.

Residual stress

-100 0 100 Mpa

20°C
as cured Fibers Metals
-55°C

(o]
0.4% post- 20C

stretched 55%C

Metals

Compression < > Tension

Figure 7.1: Residual stresses in the aluminium and fibre layers of ARALL in the as
cured conditions and after post-stretching for room temperature and —55°C [1]

Post-stretching of cured fibre-metal laminates is sometimes performed to
overcome potential negative effects of these residual tensile stress in the me-
tal layers. The residual tensile stress in the aluminium layers can be reversed
into a compressive stress by yielding the laminate to a small (positive) per-
centage. It has proven to have a beneficial effect on the fatigue properties.
Post-stretching can be seen as a means to alter the internal stress distri-
bution in the laminates to obtain desirable properties. The post-stretching
mechanism is illustrated in figure 2.2.

The material state directly after the curing cycle is called the as-cured state.
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For laminates containing the fatigue sensitive 7xxx aluminium, this state re-
sults in relatively poor fatigue properties compared to laminates containing
2024-T3 aluminium. The tensile stress can be altered by a small amount
of yielding (< 0.5%). The state after the stretching process is called post-
stretched or pre-strained state of the material.
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Figure 7.2: Effect of post-stretching level on the crack growth behaviour of GLARE1-
3/2-0.3 at 150 MPa and R=0.05. [2]

An illustration of the residual stresses in the aluminium and fibre layers of
ARALL is given in figure 7.1 for room temperature and —55°C. The residual
stresses of the as-cured laminate increase for decreasing temperatures which
is clearly visible in figures 2.1 and 7.1. Post-stretching of 0.4% reverses the
residual stresses, resulting in compressive stresses in the aluminium layers
and tensile stresses in the fibre layers.

Post-stretching results in improved fatigue initiation and crack growth pro-
perties. This can be attributed to three main reasons: First, due to the
downward shift of stress cycle i.e., reduction of mean stress Snean. Second,
the tensile residual stresses in the prepreg reduce the extent of micro buck-
ling failure of fibres (specially in case of aramid fibres), providing improved
crack bridging. Third, the compressive residual stresses in aluminium have
a crack closing effect and result in crack growth retardation in metal layers.
Figure 7.2 shows the effect of the post-stretching percentage on fatigue crack
growth for GLARE1-3/2-0.3 at Syax =150 MPa and R=0.05. The crack growth
rate is highly influenced by the post-stretching percentage. Figure 7.3 com-
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—{}— ARALL-1, No stretch
—<— ARALL-1, 0.5% stretch

15 | —(O— 7075-T6 sheet, 0.05 in. (1.3mm) thk.

ARALL-1 Laminate:
3/2 Layup,
0.06-in (1.6mm) thk.

0,.,=12.4 Ksi (86 MPa),
R=0.1
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Figure 7.3: Fatigue crack growth of stretched and un-stretched ARALL-1 Laminate
and 7075-T6 sheet. ARALL-1 Laminate: 3/2 lay-up; 1.6mm (0.06 in.) thick. 7075-T6
sheet: 1.3mm (0.05 in.) thick. Omax=85.5 MPa (12.4 ksi), R=0.1 [3]

pares the crack growth of stretched, non-stretched ARALL and aluminium
7075-T6.

Post-stretching the laminate at higher percentages will result in plastic de-
formation that reduces the compressive yield strength of the laminate, due
to the so-called Bauschinger effect [4-6].

7.1 Mathematical Modeling of Post-Stretching

The classical laminate theory (CLT) does not account for the laminates that
have been cured at a temperature different from the design operating tem-
perature. Homan [7] modified the CLT by incorporating the thermal and
curing stress components. Honselaar [8] has incorporated a formulation in
the CLT to calculate the residual internal stress in metal layer after post-
stretching, while he used the Marissen model [9] for fatigue crack growth
predictions. In this chapter, the Honselaar technique is used to calculate
the residual internal stress in metallic layers but it is implemented in Alder-
liesten model [10, 11].

For fatigue crack growth prediction for post-stretched laminates, a post-
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Figure 7.4: Flow diagram for the crack growth prediction model

stretching subroutine is added to the analytical model of Alderliesten [10,
]. The flow diagram of the prediction model is shown in figure 7.4. The in-
put parameters are the post-stretched stress state (output of post-stretching
subroutine), input parameters i.e., material parameters, crack geometry,
Paris constants for crack and delamination growth and initial delamination
shape. Outputs are crack length, crack growth rate, number of cycles.

7.2 Test Specifications

Test data presented in [12] is used for the validation of the calculation pro-
cedure explained in the section 7.1. Fatigue crack growth tests have been
performed on center-cracked tension (CCT) specimens, for which the geo-
metry is illustrated in figure 7.5. The starter notches were made by drilling
a hole of 1.5 mm diameter with two saw cuts, directing perpendicular to the
loading direction. The total length of the starter notch (2ay) was approxima-
tely 3 mm.
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Figure 7.5: Test specimen dimensions

The tests were conducted in lab air at room temperature on a closed loop
mechanical and computer controlled servo-hydraulic material testing system
(MTS) with a load capacity of 6 metric tons. Constant amplitude sinusoidal
shaped cycles were applied at frequency of 10 Hz. The crack length was
visually inspected with a microscope (magnification 15X). The tests were
stopped at a crack length of a=20 mm or at a number of 500,000 fatigue
cycles. The half crack length of the left and right crack was recorded every
20,000 cycles for the first 100,000 cycles and later for every 50,000 cycles.
Final crack growth curves were generated with an average between left and
right half crack length. Details of these tests have been given in Table 7.1.

7.3 Results and Discussion

Figure 7.6-(a) exhibits the comparison of test results with the predictions for
GLARE1-2/1-0.3 with S$;ux=150 MPa and R = 0.05. The comparison is done
for the 0.065% and 0.27% post-streching. For both post-stretching percen-
tages the fatigue crack growth predicitons are fairly close to the test data.
But in case of high post-streching precentages, i.e., 0.30 and 0.42, shown
in figure 7.6-(b) and (a), predictions are not accurate enough. However, for
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Table 7.1: GLARE1 test matrix for validation of calculations

Maximum applied | Stress ratio | Post-stretching Lay-up
stress Syax R %
120 0.1 0.065,0.30,0.45 2/1
0,0.20,0.32,0.45 3/2
0,0.20,0.40 4/3
0,0.14,0.33 5/4
150 0.1 0.065,0.27 2/1
0.08,0.2,0.27,0.42| 3/2
0.13,0.30 5/4

the low post-stretching percentages and smaller crack lengths, the prediction
model is able to capture the trends. The difference between the predictions
and test results in case of highly post-stretched laminates can be explained
using dK/da, which has been introduced by Schijve [13]. The strongly ne-
gative dK/da value for the highly post-stretched materials (e.g.as shown in
figure 7.6-(a)), will reduce the crack growth rate and will lead to the crack
arrest. For negative dK/da, even in the case of CA loading, previous load
cycles can act similar to peak loads for the following cycles and reduce the
crack growth. This can be one of the reason of reduction in crack growth
rate. Schijve [14] has explained this decreasing K(a) function using crack
edge loading.

The accuracy of prediction is also influenced by the layup. Comparing fi-
gure 7.6-(a), (b) and (a) it is observed that by increasing the number of
metallic-fibre interfaces, the error increases between the prediction and test
results. Similar trend is observed in the case of Syax=120 MPa, shown in fi-
gure 7.7-(a), (b), (a) and (b). This observation can be explained by looking
at the post-stretching process. During post-stretching process, aluminium
layers are plastically deformed. Due to yielding and subsequent strain har-
dening the yield strength changes, which has an effect on the crack growth
behavior [15-17]. This is not accounted for in the model. In addition, one
could expect that the post-stretching procedure affects the interface between
aluminium and fibre. The aluminium yields and elongates, while the fibres
do not and the adhesive in-between has to remain compatible. This could
also effect the fatigue delamination resistance. Despite the fact that number
of fibre-metal interfaces are considered in the model but the change in beha-
viour at the interfaces is not accounted for in the model. This also explains
the initial correlation between the test and prediction. Furthermore, during
the calculation only the elastic Poisson ratio is used which as-a-matter-of-
fact can contribute to the error in the predictions and tests. On top of all
that, the accuracy of post-stretching procedure can not be neglected. Obtai-
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Figure 7.6: Comparison of test result and fatigue crack growth prediction for (a)

GLARE1-2/1-0.3, Smax=150MPa, R=0.05; (b) GLARE1-3/2-0.3, Sux=150MPa,
R=0.05

ning a required percentage of post-stretching within very small tolerances is
not easy, but has significantly effect the stress distribution and subsequent
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crack growth behavior.

Finally, high accuracy can never be expected for highly post-stretched lami-
nates. The K values calculated with the model are the result of much higher
(in absolute sense) positive K values due to external loading and negative
K values resulting from post-stretching, have smaller relative error. Howe-
ver, when the absolute magnitude of these K values is added up, a large
relative error can be expected. Nevertheless, the strongly decreasing pre-
dicted curves (shown in figures 7.6-(b), 7.7-(a) and 7.7-(h)), demonstrate the
quality of the model.

The main focus of this chapter is post-stretching and the method to calculate
the stress redistribution. From the comparison of test results and predic-
tions, it can be concluded that the calculation of stress redistribution seems
to work. The difference in prediction and test data is only related to crack
growth and delamination as explained. To enhance the crack growth pre-
diction, further investigation of these aspects is required. For example, the
crack growth resistance could be determined for plastically stretched bare
aluminium. In addition, delamination tests as reported in [10] could be
repeated on post-stretched laminates.
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7.4 Summary

During curing of FMLs metallic layers have tensile stresses while the fibres
have compressive stress. Post-stretching is the method to alter this unfa-
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vourable internal stress distribution to favourable. Post-stretching results
in compressive stress in metallic layers and tensile stress in fibre layers sho-
wing improvement of fatigue characteristics of FMLs.

In this chapter a method is presented to calculate the internal stress distri-
bution in unidirectional FMLs after post-stretching. This modified classi-
cal laminate theory is implemented in already existing fatigue crack growth
prediction model. A good correlation, between the test results and pre-
dictions, is obtained for the low post-stretching values. However, for high
post-stretched laminates, the trends are predicted.
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Chapter

CONCLUSION

Weth a suddenncss that startled them all, the wizard G
sprang to lcs feet. He was laugliing! "7 lave ct!” le cried. "Of

From The Fellowstict, part 1 of the trilogy,
Tte Lord of the Ringe
by g. B. B. Tothien (Tothcen, 195¢)

he investigation presented in this thesis is concerned with the

f} fatigue crack growth behaviour of the aluminium layers in

) GLARE with the corresponding delamination growth beha-

— X/ viour at the aluminium/fibre interfaces under variable ampli-

tude fatigue loading. The fatigue crack geometry considered is the through

crack configuration with cracks in all aluminium layers having the same length

equal to the visible crack length in the outer aluminium layers (this assump-
tion is validated in chapter 5) .

The already developed fatigue crack and delamination growth model for
constant amplitude has been extended to include variable amplitude loa-
ding. This variable amplitude prediction model has been implemented in a
numerical programme, which has been verified with the results of an exten-
sive test program presented in chapter 6
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The model is based on the following assumptions:

e The damage mechanisms can be described with the concepts of Linear
Elastic Fracture Mechanics.

e The crack growth rate can be related to the stress intensity factor with
an empirical Paris equation.

e Plane stress conditions are applicable to the crack growth in metal
layers.

e Plane strain conditions are applicable to the delamination growth at
the interfaces.

e The delamination growth can be related to the strain energy release
rate with an empirical Paris equation.

e The stress intensity factor at the crack tip can be determined by super-
imposing the stress intensity factor for the far field opening stress and
the stress intensity for the crack closing bridging stress.

e The interaction effects caused by the overload and VA loading is redu-
ced by the intact fibres bridging the crack opening.

From the current investigation, several conclusions can be drawn with res-
pect to the crack growth behaviour of GLARE and the crack growth prediction
model. The conclusions are summarised hereafter.

8.1 Phenomena under Variable Amplitude Loading

During this research, fatigue crack growth and delamination growth were
studied under variable amplitude loading. Although the mechanisms are
coupled, they have been investigated independently prior to the study of
combined growth mechanisms. The detailed conclusions about these phe-
nomena are:

8.1.1 Delamination growth

The delamination growth behaviour in GLARE has been investigated with
delamination experiments using double cracked lap-shear specimens, va-
rious load sequences and load spectra. It has been observed in the block load
sequence tests that the average delamination growth rate is independent of
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the applied load sequence. In addition, no influence of different delamina-
tion growth measurement techniques has been observed on the growth rate
in particular at the transition from low to high loads block.

Full flight spectrum tests have been performed, because it was thought that
the block load sequence tests might not be sufficiently accurate to capture
potential interaction effects. Correlation of the observed growth with li-
near damage accumulation prediction clearly showed that the delamination
growth acceleration or retardation, due to overloads or load variations, un-
der mode 11 delamination growth in GLARE are absent.

However, the Rain-flow counting technique must be used to load spectra
with intermediate small cycles in the large cycles to calculate the delamina-
tion growth rate. Predictions correlated very well with the test results for
the flight spectrum as well as the programmed block loading spectra, after
applying this technique. This highlights the conclusion that delamination
growth is mainly dependent on the high monotonic loads and load ampli-
tudes.

ARALL and GLARE laminates have different delamination characteristics.
Interaction effects were reported by Marissen in case of ARALL. On the other
hand, GLARE specimens, when tested using the same load spectra, did not
show any interaction effect. Further investigation on ARALL and GLARE
showed that fibre-adhesive bonding, peel strength and multiple delamina-
tion paths have insignificant influence on the resulting delamination growth
rate. Here, the topography of the fibres is considered to be the major reason
to cause different delamination behaviour between ARALL and GLARE.

While looking at the delaminated surfaces in GLARE using SEM, no mar-
kings were ohserved at the fibre side, but at the resin/metal side striations
(markings) due to delamination growth were observed. In case of block load
sequences (LO-HI and HI-LO), no interaction effects were observed conside-
ring the striations and their spacing. For the periodic load sequences stria-
tions were observed and their spacings could be related to the maximum
applied stress Spax.

8.1.2 Delamination shapes

The load variations slightly change the delamination shape in a CCT speci-
men. This change in delamination shape predominantly relates to the crack
growth retardation in metal layers after application of the overload. Ho-
wever, this mechanism is insufficient to completely describe the transition
of the delamination after the application of an overload. The transition can
fully be understood, if in addition, the local post-stretching mechanism near
the crack tip is considered.
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The effect of this transition in delamination shape on subsequent fatigue
crack growth has been related to the change in stress intensity. This inves-
tigation has evidently shown that the transition in delamination shape has
no evident effect on the change in stress intensity factor and finally on the
subsequent fatigue crack growth.

In other words, for accurately predicting the fatigue crack growth after an
overload, it will be sufficient to attribute the transition of delamination
shape solely to the crack retardation in metal layers, thus ignoring the post-
stretching mechanism.

8.1.3 Crack-tip plasticity

Plastic zones created during the fatigue crack growth tests are predicted
using the Irwin plastic zone relation, and are measured in the tests using
Digital Image Correlation (DIC). In case of monolithic metal and metal la-
minates, a big difference is observed hetween the predicted and measured
sizes. Contrary, a small difference is observed between the predicted and
measured plastic zone size in GLARE. The plastic zone size calculated and
as measured for GLARE is almost constant at any crack length, which corre-
sponds to the constant K, observed for GLARE.

8.1.4 Shear-lip formation

Shear-lip formation has been studied for monolithic metal, metal laminates
and FMLs.

Monolithic metals have shown the typical shear-lip profile with the early
tensile mode followed by a transition mode and finally the shear mode. For
metal laminates (without fibres) the mode transition happens quite late du-
ring the fatigue crack growth life, but the transition length is smaller as
compared to monolithic metals.

In FMLs, the crack propagates mainly in the tensile mode. Crack surfaces
showed a quite clear tensile mode and no transition from tensile to shear
mode.
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8.2 Prediction Model

8.2.1 Linear Damage Accumulation

A Linear Damage Accumulation based model has been introduced and eva-
luated with experimental results. It has been shown that the model does
not predict the crack growth well when distinct load sequences occur in the
applied spectrum. However, for load variations with small interaction ef-
fects and for full aircraft load spectra with randomly distributed load cycles,
the model correlated fairly well with experimental results.

8.2.2 Modified Yield Zone Model

The fatigue crack growth behavior in FMLs has been further investigated
using a simple interaction model. The experimental data for different selec-
tive variable amplitude loading and flight spectra correlates reasonably with
the Yield Zone model predictions.

8.2.3 Crack-closure model

A crack closure model was used to predict the crack growth for the selec-
tive load sequences and flight load spectra. The model is able to show the
delayed retardation after the application of overloads and the number of
delayed cycles correlated better with the experimental data than the Yield
zone model. However, for the flight load spectra, the predictions are quite
far from the experimental data. The under prediction of fatigue crack growth
under flight spectra can be attributed to the over estimation of crack-tip
plastic zone especially due to the secondary plastic zone.

8.3 Future Work

Delamination growth under variable amplitude loading needs to be further
investigated, especially on a microscopic level at the fibre and metal inter-
face. At macroscopic level no plasticity is observed in the resin layer, as
detailed in this thesis. However, questions that may require further funda-
mental research are: how the delamination resistance be influenced by the
elastic plastic behaviour of resin (and this plasticity at the delamination tip)?
and How the thickness of resin would influence the results presented in this
thesis?
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The next step in understanding fatigue in FMLs is the transition of mode-1
(tensile) to mode-I and II (shear). Current research briefly touched upon
this topic but compared the 2 mm Al monolithic metal with the laminates
having cumulative 2 mm metal thickness. The logical next step would be to
understand the effect of thickness of metal layers on the moment of tran-
sition and transition length. The follow-up questions can be whether the
transition has any influence on the crack growth resistance, and whether the
postponing the transition in inner sheets has a greater effect on the crack
resistance. How does the stress state can be explained for the laminates
with thick metal layers by using the understanding developed with the thin
metal layers?

The next step in the modeling phase would be to understand the mismatch
of crack closure model prediction with the test results for the flight spectra.
This can be done by detailed study of different spectra and further validation
of De Koning primary and secondary plastic zone assumption for FMLs.

Finally, it would be a logical step to integrate the VA loading model with the
crack growth prediction model of laminates with variable thickness of metal
layers (i.e., work of Greg Wilson), which can result in fatigue crack growth
model for arbitrary FMLs under arbitrary loads. However, this integration
can be quite challenging due to the effect of different metal layer’s thickness
on the crack growth, delamination shape and growth phenomena.



Appendix

Energy Release Rate
Equations

For delamination over a distance b, the elastic energies of the sheets and
the fibre layers change due to a change of the stress in those layers after
delamination. The external energy changes as well due to a displacement of
the external load P. Figure A.1 shows the situation before and after some
delamination.

The total energy balance is given

d d
—W=—(F-AU (A.l)
db db ( )

UNCRACKED CENTRAL ALUMINIUM LAYER CRACKED CENTRAL ALUMINIUM LAYER

al o o S

al al al al

O

GaI,P

Figure A.1: The change of stress levels after delamination
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where AU is the increase in elastic energy within the laminate due to dela-
mination extension of length b, F is the work applied to the system during
the displacement dy of the external force P, and W is the energy available
per increment of crack extension.

As for the energy
F = Pdy = P(bAs*) (A.2)

where Ae* is the strain difference between the delaminated and non-delaminated
area of the laminate and can be calculated using

As* = (M) (A.3)
Ea

where gy  is the stress in the delaminated area, oy is the stress in the
non-delaminated area of the laminate and E, is the Young’s modulus of
aluminium. Applied load P is

P = OaNata + 0% 0Nt otf 0+ Ot 90Nt gott 90 (A.4)

From equations A.2 to A.4, it follows that

(A.5)

Oap—OC;
Fzmmmmﬁiﬁl—ﬂ}

Ea

where 0j5m, is laminate stress and tj5y, is the laminate thickness.

If U, is the increase of elastic energy in the delaminated laminate and U, the
decrease of elastic energy in the non-delaminated laminate the total change
(increase) of the elastic energy during delamination over distance b is

AU =U; —U, (A.6)

The elastic energy of a uni-axially loaded body is given by
2

lo
Uy = = —volume
T 2By

The strain energy in non-delaminated laminate is given by

2 2
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(A.7)
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And for the delaminated laminate it is written as

2 2
b|%ip Ot op
U == |[—=—(nyg — Nt —n¢ ot
1=5 Eal(al or tal + E, o ol
(A.8)
0f 90p
+E’—’nf,90tf,90
£,90

Inthese equations E is the Young’s modulus, nis the number of layers and t is
the layer thickness. The subscripts al, f,0 and f,90indicate respectively the
aluminium, the prepreg with fibres in the loading direction and the prepreg
layer with fibres perpendicular to the loading direction.

Lamina stresses can be expressed as functions of the total applied laminate
stress Ojam Using parameters A and y.

Oa = A Ojam Oal p = YOiam
Eto Eto
0t 0= —=A.0lam Ot op = —="Y.Olam
Ea Ea
Et.90 Et.00
Tie0= ¢ | A .Ojam Ot 90p = E—'ly-alam
-al -al

yand A are defined as

t am

Efo Et.00
(Nal — Ner tay + 27 N1 otr,0+ £~ Nr.90t,90

_ tiam
A= Et,0 Ef 90
Nata + g Nf.ott.0+ Nt ot 90
where n¢ is the number of cracked aluminium layers. Equations A.5, A.7
and A.8 can be simplified by replacing y and A.
F = bO{3m [y — Altiam (A.9)
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Substituting equations A.9, A.10 and A.11 in equation A.1, one can calculate

G
d d

d
WV = gpF ~Ui—U2)] = o (F U1 +Uy)
d d | boim
G *%W - % [ 2 [Z(V_A)tlam
E¢ 2
AZ (_ )
— E—(na| Nor )t — —2——ny ot.0
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(&) A2
— Nf oot 90— Nyt (A.12)
Er oo f,90 f,saoEaJ altal
Efo 2
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+ Er ns otf o
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Equation A.12 gives the total energy release rate for four fibre-aluminium
interfaces. The energy release rate per fibre-aluminium interfaces is given
by G/4, or it can be generalized by G/j, where j is the number of fibre-
aluminium interfaces. The energy release rate for delamination, per fibre-
aluminium interface Gy can be, then, simplified as

2 2
alam 2
= | _—(ng —Ng)tg — ANyt
4= 2iE, Eal(al or )tal ata+
E
ELl(’nf.otf,o(yz_AZH (A.13)
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Post-Stretched Classical
Laminate Theory

The three-dimensional thermoelastic anisotropic stress-strain relations are

& =Sjoj + & p +0iATILj=1,2,...,6 (B.1)

Wherein the total strains, &, are the sum of the mechanical strains, Sjoj,
pre-strains, &y and the six free thermal strains, aiAT, for a temperature
change AT. The three dimensional stress-strain relations are obtained by
inversion

0; = Gjj [si—si_p|—aiAT]i,j:1,2,...,6 (B.2)

In both Equations B.1 and B.2, the six a;j are the coefficients of thermal
deformation (expansion or contraction and distortion, i.e., shear), and AT
is the temperature difference. In Equation B.2, the terms C;aiAT are the
thermal residual stresses if the total laminate strain is zero.

For a plane stress state in an orthotropic lamina in the principal material
coordinates yields

01 Qu Q2 O &1—&p — 01T
o2 |=| Q2 Q2 O &—&p —a2T (B.3)
T2 0 0 Qes Yi2
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UD Glass | 7475-T761
Prepreg
E;1  [MPa] 54000 72000
Ex»  [MPa] 9410 72000
G2  [MPa] 5550 26400
H12 0.33 0.33
Uo1 0.0575 0.33
a;;  [10°6C1] 6.1 24
ax  [1076C1] 26.2 24

Table B.1: Material Properties [1]

Where c e
_ 1 — =2
Qu= 1—-piyap1 Qo2 = 1-pyop21
_ _HoEp
Q2= 1—-piyap1
Qo6 = G12

Values of all these material parameters for GLARE are given in Table B.1.
Note that the coefficients of thermal expansion affect only extensional strains,
not the shear strain. Equation B.3 can be written as

(o4} &1— & pl — a,AT
02 | =[Q] | &—&p —aAT
T12 V12

For transformation of the properties from the principal material coordinates
to laminate coordinate, transformation matrix, M is used

co< o A 2.cosB -sind
M = Sirt o co< 0 —2-.cosf-sinb
—cosf-sin@ cosh-sin@ cof O —sirfo

Where 6 is the angle from x-axis to the 1-axis (see figure B.1).

The transformation matrix is applied using the transformation relation with
superscript T denoting the matrix transpose.

Q=M QM T

The stresses in the laminate coordinates for the K" layer obtained by the
transformation of coordinates (Figure. B.1) are
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PRINCIPAL
y MATERIAL
2 A COORDINATES

LAMINATE
COORDINATES

FIBRES

Figure B.1: Positive rotation of principal material axes from arbitrary x-y axes

GX SX - 8)(’ p| - axAT
oy | =[Q]| &—&p—ayAT (B.4)
Yay

The strains for the ki layer at a distance z from the middle of the laminate,
as shown in figure B.2, are

& & kx Expl
g = & +z| ky + | &pl (B.5)
Yy e L % Jo Ky Jo 0 1o

Where &, are the middle surface strains, kj, are the middle surface curvatures
and & , are the middle surface plastic strains of the laminate.

When the linear variation of strain through the thickness, equation B.5, is
substituted into equation B.4 and the resulting expressions for the layer
stresses are integrated through the thickness, the force resultants for uni-
directional FMLs (the principal material coordinates 1,2 of the layers coin-
cides with the laminate coordinates x,y i.e., 8 = 0), are
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N -

u Tﬁ'w |
{ .1 TZ"

LtLAYER NUMBER

Figure B.2: Geometry of an n-layered laminate

Ny A1 Az Ase &+ &p
N2 | =] Az A Age +&p | +
Ni2 Ate Az APes Yi2 0
Bi1 B2 Bie ky N
B2 Bz Bog ko - | NJ (B.6)
Bis B2s Bes kiz | le
M1 Bi1 Bi2 Bie &1+ &1 pl
Mz | = | Bz Boo Bog &+&p | +
Mi2 Bis B2s Bes Y12 0
D11 D12 Dis k1 M]
D12 D2 Dos ke | —| M) (B.7)
Dis D26 Des kiz | g My,
Where:
n —
A=Y (Qij)(&—2Z1)
1
12 = 2 52
Bij=35Y (Qij)(Zi—Z 1) (B.8)
25
12 3 53
Dij=3 (Qj) (Z2-22 1)

k=1
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NlT Ea 1tan, 1

NIZ — Hal 1 0
t; Ef10¢1+ Ui 12E¢ 201 2
(=0T - —— | Ef0¢2+ s 12E5 10+
(1— ps 12- Mt 21) %'1 A

AT = Trr — Teure

In equation B.6, B.7 and B.8 , the A;j are extensional stiffnesses, the Bj; are
bending-extension coupling stiffnesses and Djj are bending stiffnesses. N is
the force due to thermal expansion and N, is the force due to external loading.

In case of symmetric and balanced laminates Bj; matrix will be zero. The
elimination of Bj; matrix has two important practical benefits. First, such
laminates are usually much easier to analyze than laminates with bending-
extension coupling. Second, symmetric laminates do not have a tendency
of bending or twisting from the inevitable thermally induced contractions
that occur during cooling following the curing process. However, in case of
a cross-ply laminate (laminate with every fibre layer oriented at either 0° or
90°) the components Ass, Ags,B16,B26,D16 and Dog are all zero. These laminate
categories are discussed in detail in [2, 3]. It is important to mention that
presence of bending and twisting in laminate will result in B;jj # 0.

Since uni-directional FMLs i.e., GLARE1 are symmetric and balanced, put-
ting the Bj; matrix to zero and substituting equation B.6 in equation B.3
yields the stresses in the principle directions of the layers due to external
loading, thermal loading and pre-strain. This yields for the aluminium layers

01 Qu Q2 O

07 =| Qn Q»n 0 Nal (B.10)

T2 |4 0 0 Qes gy

&1 pl Au Ap 0 171
Na = | &pl +| Az A O ‘N—
0 lam 0 0 Aso

1 | aaAT - | &p
0 o |,

And for the fibre layers:

o1 Qu Qi O
0 | =| Q2 Q» O Ny (B.11)
T2 | 0 0 Qes |
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& pl Ap A 0 1°° 1
ne= 1| &pl +1{ A2 Ap O N—{ 1 | asAT
lam

0 0 0 As 0

Where
N=N+N'
Plastic Strain of the Aluminium Layers

In order to couple the deformations due to the post-stretching of the layers
and the laminate, an extra equilibrium equation is necessary (external forces

equal to 0):
01 (o] 0
[op) ta+ | O2 tfr=1 0 (B.12)
T12 al 03 f 0

According to the von-Mises criterion, yielding occurs when:

%= \/% (01— 02)? + (02— 03) + (03— 01)?) = O0.2 (B.13)

At the yielding, the stresses in the aluminium layers satisfy equation B.8
with both & . and g p, equal to 0:

{01} _{Qll le] '
02 |4 Q2 Q22 |,

A1 A2 ]_1N— { 1
Az A 1

Where matrix N is calculated with AT during the post-stretching process :
ATpogr = Tpostr — Teure- With these stresses the deviator stresses [4] are calcu-
lated as:

Qal ATpostr) (B.14)

Sr1=2/301—1/3(02— 03)
ST2 = 2/302— 1/3(03— 01)
Sr3=2/303—1/3(01— 02)
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In FMLs o3 = 0 because of the plane stress condition. The plastic strain
distribution is defined by the deviator stresses:

€pl Sr1
&,pl = | Srz2 | DA
&p |4 Sr3

_ 81,p||am
 ta((C11S11a +C12S12a1)Sr1 + (C11S12a + C12S22a1 ) Sr2)

The stress-strain distribution results obtained with the von-Mises yield cri-
terion, are sufficient accurate for aluminium with a low anisotropy of the
yield stress. It should be kept in mind that this calculation method is not
suitable to aluminium with a high anisotropy of yield stress. The reason is
that the von-Mises criterion does not account for the anisotropic yield stress
of aluminium sheet material. To consider anisotropic behaviour, a complica-
ted iterative calculation of the development of the internal stress and strain
distribution during the post-stretching will be required.

Where

B.1 Calculation of the Residual Internal Stress Dis-
tribution

B.1.1 Non-Stretched FMLs

For non-stretched FMLs, both & . and &, are equal to zero. The resi-
dual internal stress distribution then satisfies equation B.10 and B.11 with
N; = 0.

B.1.2 FMLs Stretched in One Principle Material Direction

For FMLs stretched in only direction 1, & p,, is known. During the yield
process, N, is equal to 0. This means that N; at the moment of yield can be
solved from equation B.13 and B.14. &y, can be calculated using:

e (C11S11al +C12S12a1 )St1 + (C12S124 +C225241 ) St2
LPham (€118 + C12S124)St1 + (Cr1S12a + C12524 ) Sr2

The residual internal stress distribution can now be calculated with equa-
tion B.10 and B.11, where N, = 0.
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Appendix

Model Validation

C.1 ARALL

C.1.1 TWIST and MiniTWIST

The TWIST (Transport Wing STandard) flight-simulation load history was the
first standardized flight-simulation history developed in 1973 [1]. The load
spectrum was obtained as an average of several civil transport aircrafts wing
load spectra.In one block 4000 flights of 10 different types (A to ] shown
in table C.1) occur in a random number selection. The severity of spectrum
vary from light (type ], nice weather) to highly severe (Type A, severe storm).

MiniTWIST [2] was generated because experiments with TWIST were rather
time consuming due to the large average number of 100 cycles per flight.
MiniTWIST was derived from TWIST by omitting small amplitude cycles from
the load spectrum, shown in figure C.1. The average number of cycles per
flight was thus reduced to 15 which is a drastic reduction in spectrum as well
as the testing time.

C.1.2 EXPERIMENTAL PROGRAM
Specimen Geometry

The specimens were made with the loading direction in parallel to the rolling
direction. The cutting edges of the specimens were removed by contour

159
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type flights in Ly : 3
one block j‘LeveI |||:

1 NI
1 ]
e

Flight | Number of -I—l

3

9

24

60

181

420
1,090 | 1 1 1 1

LevelV :
: | [MINTWIST

S/ S

— = TOMmMO 0w >

Table C.1: TWIST flight-simulation load Figure C.1: MiniTWIST load spectrum, 3
spectrum flights detail [1] truncation levels used

milling to the dimensions shown in figure C.2. The holes were drilled using
an NC machine in order to obtain a good and uniform hole edge quality.

T T T T
(D)) Dyl
A A
125 ! 210
! Crack wire
1
1 S R
1
400 . Open hole
150 ' Diameter 5 mm
1
1
-------------------- Q i i
- All dimensions are
! in mm
1
T T 25
: 1
4= 50 —>pe— 50 —>

Figure C.2: Specimen geometry



C.1. ARALL 161

Smf  Material Truncation level (S, max/Smf)
MPa 1(1.6) 11(1.3) 111(0.995)
Sground/smf

-0.5 -0.1 -0.5 -0.1 -0.5 -0.1
81.6 ARALL2 X not
86.0 ARALL2 X X X X X used
81.6 ARALL3 X X X X X
86.0 ARALL3 X X X X X
86.0 GLARE1 X X X X X
95.0 GLARE1 X
86.0 GLARE2 X X X X X
95.0 GLARE2 X

Table C.2: Test Matrix

C.1.3 Results & Discussion

The comparison of test results with the predictions using the Yield zone mo-
del (presented in 6.2) shows that the predictions are sufficiently accurate for
GLARE 2 (figure C.3(a)). This highlights the fact that all the metal related
phenomena like crack growth retardation and plastic-zone exist in FMLs un-
der flight-simulation loading but to a small extent. These phenomena can
be investigated using a simple interaction model. However, for ARALL 2
(figure C.3(b)) the predictions are not very accurate. The difference is due to
the fibre failure, corresponding delamination is shown in figure C.4(a). The
current model is not capable of predicting the crack growth in the presence
of fibre failure. Post-stretching is used to avoid the fibre failure and improve
the fatigue properties. Therefore, a better correlation between test data and
predictions is obtained for ARALL 3 (figure C.3(a)) which shows the effect of
post-stretching.

Figure C.3(a) shows the comparison of predictions and test results for GLARE
2under 86 MPa and 95 MPa. The tests were stopped at a small crack length,
when crack growth rate was still decreasing due to the start of fibre bridging
phenomenon. This trend was captured by the prediction model. However,
more information about the accuracy of predicting the full curve could have
been provided if the tests had been continued till the crack growth rate gets
to larger crack lengths.



162

Appendix C

Figure C.3:

Crack growth rate - [mm/cycle]

Crack growth rate - [mm/cycle]
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Comparison of crack growth prediction and test data for ARALL for
Sgr/Smf = —0.5,Sa max/Smf = 0.995 ((a)) and GLARE for S, = 86 and 95 MPa ((b))
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| Tip.

= Failure "

(b)

Figure C.4: Delamination shape of GLARE ((a)) and ARALL ((b))

C.2 HSS-GLARE Crack growth results

For the model validation work, test results of HSS Glare were compared
with the prediction done using Yield Zone Model under three different flight
spectra mentioned in table 6.1.
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for flight spectra: (a). Spectrum I, (b).Spectrum II, (c).Spectrum III,



Appendix

Plastic Zone and
Delmination Shape
Experiments

D.1 specimen

Three types of CCT specimens, as shown in Figure D.1, were used for the de-
lamination shape and plastic zone size investigation. These specimens were
manufactured with cumulative metal thickness of 2 mm. The specimen used
for delamination shape investigation were manufactured with 5 metal layers
of 0.4 mm thickness and 4 composite cross-ply fibre layers with a nominal
thickness of 0.266 mm (i.e., Glare3-5/4-0.4). Beside Glare specimen, mo-
nolithic metal specimen of 2 mm thickness and laminated metal specimens
manufactured with 5 metal layers of 0.4 mm thickness were used. The width
of these specimen was 140 mm. The starter notches were made by drilling a
hole of 3 mm diameter with two saw cuts oriented perpendicular to the loa-
ding direction. The length of the starter notch (2ap) was also approximately
5 mm.

D.2 Testing Setup

Digital Image correlation DIC was used as the delamination shape obser-
vation technique for the Glare test program, detailed in table D.1. For all
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Figure D.1: Geometry of test specimen and cross section of materials used for DIC

SPECIMEN

— CCD CAMERA

Figure D.2: Testing setup

three materials, plastic zone size was measured using the DIC. The test se-



D.3. Test Matrix 167

tup is shown in figure D.2. These tests were performed using a computer
controlled servo-hydraulic testing system with a load capacity of 25 metric
tons.

D.3 Test Matrix

The set of specimens have been tested using a CA baseline spectrum with
a maximum stress Spax = 100 MPa and a stress ratio R = 0.1. The single
overload spectrum has an overload S5 = 145 MPa at ag.=10 mm. The
multiple overload spectrum has three overloads i.e. So 1 = 145 MPa; S0
=130 MPa and So 3 = 115 MPa at ap. =9, 12 and 15 mm respectively. Block
load spectra are constituted of two stress levels Syax 0 = 100 MPa and SyaxHi
= 140 MPa.

Detail of the test program is given in table D.1 for Glare specimens, while
for monolithic metal the details are given in table D.2 and laminated metal
test matrix is given in table D.3.
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CA cycles Load va-
riation
Load variation Maximum Stress
stress ratio
[MPa] [MPa]
S =100MPa
MAX T °
) Syn =10MPa
B1 | Constant amplitude o oL VYNV VoYY 100 0.1
SOL=145MPa
Smax
SMIN =10MPa
B2 | Single overload 100 0.1 145
S°L1=145MPa
S°L2=130MPa
SoLz=MSMPa o\ A
sMAX=“mM'F3”’ .
SM|N=10.MPa ,,,,,,,,,,,,,,,,,,,,,,
a°L1=9 Omm
aOLZ-12.0mm
B3 | Multiple overload 2013 =15.0mm 100 0.1 145,130,115
Smaxz2=145MPa , _
SMAx1,=,190MP a_
Syn=10MPa_/\/_
=6.94
B4 | Block loading-LO-HI drgeo2mm 100 0.1 145
Syax2=145MPa
Smaxi1
Syin =10MPa
BS Block loading-HI-LO 145 0.1 100

Table D.1: Fatigue crack growth test matrix - GLARE3-5/4-0.4 specimen



D.3. Test Matrix

169

CA cycles Load va-
riation
Load variation Maximum Stress
stress ratio
[MPa] [MPa]
Smax=100MPa_
) Syn=10MPa
C1 | Constant amplitude R i e I S 100 0.1
Soi~145MPa .
SMAX=100MPa
SMIN =10MPa
C2 | Single overload 100 0.1 145
S =145MPa
R I B B
Soua=M5MPa |\
sMAX=1DO'MP"”’ .
SMIN=1l1M.F3 ,,,,,,,,,,,,,,,,,,,,,,
aOL1=9 Omm
a0L2-1240mm
C3 | Multiple overload 2013 =15.0mm 100 0.1 145,130,115
Smaxe=145MPa _ , _
Spax=100MPa
Spyn=10MPa_/ \/_
=6.94
C4 | Block loading-LO-HI Argeoemm 100 0.1 145
Syax2=145MPa
Swax1
Syin =10MPa
C5 Block loading-HI-LO 145 0.1 100

Table D.2: Fatigue crack growth test matrix - Monolithic metal specimen
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CA cycles Load va-
riation
Load variation Maximum Stress
stress ratio
[MPa] [MPa]
Smax=100MPa_
S, =10MPa
D1 | Constant amplitude MIN- DTS VOV N VLYV 100 0.1
S°L=145MPa
Smax
SMIN =10MPa
D2 | Single overload 100 0.1 145
S =145MPa
Sg::;:ﬂDMPa
S°L3=115MPa
Smax
SMIN=1l1M.Fa
D3 Multiple overload 100 0.1 145,130,115
Smaxe=145MPa _ , _
Spaxs=100MPa
Spyn=10MPa_/ \/_
=6.94
D4 | Block loading-LO-HI Argoemm 100 0.1 145
Suaxz=145MPa
Swax1
Syin =10MPa
D5 Block loading-HI-LO 145 0.1 100

Table D.3: Fatigue crack growth test matrix - Laminated Aluminium Sheets specimen



Summary

FATIGUE CRACK & DELAMINATION GROWTH IN FIBRE METAL
LAMINATES
under Variable Amplitude Loading

his thesis presents the investigation into the fatigue propaga-

f’ tion and delamination growth of Fibre Metal Laminates under

) variable amplitude loading. As explained in the first chapter,

_ the motivation of the research is twofold: first, to obtain a

clear understanding and detailed characterization of the failure mechanisms

in GLARE under variable amplitude loading (selective and flight load spec-

tra). Second is to obtain an accurate prediction model for fatigue crack pro-

pagation in GLARE accounting for fibre bridging, delamination and influence
of plasticity.

The major concept in this thesis is that the stress intensity at the crack tip
in the metal layers of a Fibre Metal Laminates FML is the factor determi-
ning the extension of that crack under cyclic loading. This implies that the
stress intensity factor can be described with Linear Elastic Fracture Mecha-
nics, including the contribution of the fibre layers and the with the crack
growth associated delamination behaviour. The investigation presented in
this thesis, covers the theoretical analysis of the crack growth phenomena
and experiments to support and validate the developed prediction model.
This investigation has been restricted to through-the-thickness cracks with
the same crack length in all metal layers.

In the second chapter, the various GLARE grades and lay-ups are defined
together with a description of the manufacturing process, quality assurance
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procedures and fatigue crack growth phenomena. The aspects introduced are
the fatigue crack growth in the aluminium layers, controlled by the stress in-
tensity factor at the crack tip, and the delamination of the aluminium and
prepreg layers, which occurs in the wake of the propagating crack. The crack
opening is constrained by the bridging fibre layers, while the stress redis-
tribution to these fibre layers determines the delamination growth. In ad-
dition, this chapter discusses the effects of variable amplitude loading in
metals, together with the models developed so far to predict fatigue crack
growth.

The influence of variable amplitude loading on the delamination growth (i.e.
a major phenomenon contributing to the slow fatigue crack growth in FMLs)
is discussed in chapter 3. An extensive test programme is presented in this
chapter utilizing double and multiple block loads, and flight load spectra
to validate the hypothesis that delamination in FMLs is independent of re-
tardation effects under variable amplitude loading. Furthermore, the use
of scanning electronic microscopy is presented to study the delamination
growth striations on the disbonded fracture surfaces.

Chapter 4 presents the effect of variable amplitude loading on delamination
shapes. These delamination shapes influence the bridging stresses and the
crack tip stress intensity factor. The change in the delamination shape due to
variable amplitude loading is understood, and the hypothesis on the reason
of this change in delamination shapes has been validated. The use of Digital
Image Correlation (DIC) is presented to observe delamination shapes and
crack tip plastic zones in-situ fatigue testing. Although a change in dela-
mination shape can be observed, its effect on the bridging stress profile is
observed to be negligible.

Crack tip plasticity and shear-lip formation both were investigated, as pre-
sented in chapter 5. Difference in shear-lip morphology was observed in
monolithic metals, adhesively bonded metal laminates and FMLs. Mono-
lithic metals revealed typical shear-lip profiles with the early tensile mode
followed by a transition mode and finally the transverse shear mode. For
metal laminates (without fibres), the mode transition happened quite late
during fatigue crack growth, but the transition length was smaller than those
of monolithic metals. In FMLs the shear lip profiles were rather difficult to
see with the naked eye or optical microscope. However, the straight ap-
pearance of the crack when observed from the specimen side, implied a flat
cracked fracture surface without shear lips. Plastic zone sizes are compared
in the same chapter. In case of monolithic metals and metal laminates, a big
difference is observed between the predicted plastic zone sizes (using Irwins
relation) and the sizes measured with DIC. However, comparing these sizes
for FMLs revealed only a small difference. In FMLs, the plastic zone sizes
are observed to be independent of the crack length which corresponds to the
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constant crack tip stress intensity factors.

Chapter 6 presents the development and validation of three different types
of prediction models. These models include a linear damage accumulation
(non-retardation) model, a yield zone model and a crack closure model.
The predictions using these models correlated with experimentally obser-
ved crack growth behaviour.

Chapter 7 outlines the sub-routine added to the prediction model for post-
stretched laminates. This routine has been validated with the data from
post-stretched GLARE 1 and ARALL from the literature.

Chapter 8 summarizes the conclusions of the investigation. It can be conclu-
ded that with the proposed prediction model, the mechanism of crack propa-
gation and delamination growth in GLARE is fully described and understood.
The prediction model has been validated with experimental crack growth
data, and is considered accurate. In its implemented form, the model has
the potential to be extended to other material-, geometrical- and test para-
meters.






Samenvatting

FATIGUE CRACK & DELAMINATION GROWTH IN FIBRE METAL
LAMINATES
under Variable Amplitude Loading

nder variabele amplitude belastingen. Zoals in het eerste

hoof dstuk uitgelegd, is de motivatie voor dit onderzoek twee-
ledig: In de eerste plaats, het verkrijgen van een duidelijk begrip en gede-
tailleerde karakterisering van de faalmechanismen in GLARE onder variabele
amplitude belastingen (selectieve en vlieghelastingspectra). Ten tweede, het
verk rijgen van een nauwkeurig voorspellingsmodel voor vermoeiingsscheur-
groei in GLARE met inbegrip van vezeloverbrugging, delaminatie en invloe-
den van plasticiteit.

it proefschrift presenteert het onderzoek naar vermoeiingss-
@/ cheurgroei en -delaminatiegroei van vezelmetaallaminaten o-

The belangrijkste concept in dit proefschrift is dat de spanningsintensite it
aan de scheurtip in the metaallagen van een FML de bepalende factor is vo or
de scheuruitbreiding onder cyclische belastingen. Dit houdt in dat de span-
ningsintensiteit factor beschreven kan worden met linear elastische breuk-
mechanica, inclusief de bijdrage van de vezellagen en de met de scheurgroei
geassocieerde delaminatiegroei. Het onderzoek in dit proefschrift gepre-
senteerd omvat the theoretische analyse van de scheurgroei fenomenen, en
de experimenten ter ondersteuning en validatie van het ontwikkelde voor-
spellingsmodel. Dit onderzoek is gelimiteerd tot scheuren door de dikte met
gelijke lengte in alle metaallagen.
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In het tweede hoofdstuk worden the verschillende GLARE configuraties en
gedefinieerd, tezamen met een beschrijving van het productieproces, the
kwaliteitsbewaking en de vermoeiingsscheurgroei fenomenen. De gentro-
duceerde aspecten zijn de vermoeiingsscheurgroei in de aluminium lagen,
gecontroleerd bij de spanningsintensiteit factor aan de scheurtip, en de de-
laminatiegroei tussen de aluminium en prepreglagen, welke achter de scheur-
tip plaatsvindt. De scheuropening is gelimiteerd door de overbruggende
vezellagen, terwijl de herverdeling van spanningen naar deze lagen de de-
laminatiegroei bepaald. Bovendien bespreekt dit hoofdstuk de effecten van
variabele amplitude vermoeiing in metalen, samen met de modellen tot nu
toe ontwikkelt voor het voorspellen van scheurgroei.

De invloed van variabele amplitude belasting op delaminatiegroei (een be-
langrijp fenomeen dat bijdraagt aan de langzame scheurgroei in FMLs) is be-
discussieerd in hoofdstuk 3. Een uitgebreid test programma is gepresenteerd
in dit hoofdstuk dat gebruik maakt van dubbele en meervoudige Block be-
lastingen, en vleugel belastingspectra, om de hypothese te valideren dat de-
laminatie in FMLs onafhankelijk is van retardatie effecten. Bovendien is het
gebruik van elektronenmicroscoop gepresenteerd om de delaminatiegroei
striations te bestuderen op de gedelamineerde breukvlakken.

Hoofdstuk 4 presenteert het effect van variabele amplitude belastingen op
delaminatie vormen. Deze delaminatievormen benvloeden de overbrug-
gingsspanningen en de scheurtip spanningsintensiteit factor. De verander-
ing in de delaminatievorm als gevolg van variabele amplitude belastingen
is begrepen, en de hypothese betreffende de reden van deze verandering in
delaminatievormen is gevalideerd. Het gebruik van Digitale Beeld Corre-
latie (DIC) is gepresenteerd om delaminatievormen en plastische zones tij-
dens de testen te observeren. Hoewel een verandering van delaminatievorm
waargenomen kon worden, bleek het effect daarvan op de overbruggingss-
panning verwaarloosbaar.

Scheurtip plasticiteit en scheurlip vorming zijn beide onderzocht, zoals in
hoofdstuk 5 gepresenteerd. Verschil in scheurlip morfologie is waargenomen
in monolithisch metaal, gelijmde metaallaminaten en FMLs. Monolithisch
metaal liet typische scheurlip profielen zien met een in aanvang trekmodus,
gevolgd door een transitie modus, en uiteindelijk een transversale afschuif-
modus. Voor metaallaminaten (zonder vezels), trad de transitie laat op tij-
dens de vermoeiingsscheurgroei, maar de lengte van de transitie was kleiner
dan die voor monolithische metalen. In FMLs bleken de scheurlip profielen
tamelijk moeilijk waarneembaar met het blote oog of met optische micro-
scopen. Echter, het rechte voorkomen van de scheur wanneer geobserveerd
van de proefstukzijkant, betekent een vlak breukvlak zonder scheurlippen.
De grootte van plastische zones zijn vergeleken in ditzelfde hoofdstuk. In
geval van monolithische metalen en metaal laminaten, een groot verschil
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werd waargenomen tussen de voorspelde plastische zone grootte (gebruik-
makend van Irwins vergelijking) en de grootte gemeten met DIC. Maar wan-
neer deze groottes vergeleken werden voor FMLs, dan bleek dit verschil klein
te zijn. De delaminatie groottes geobserveerd in FMLs bleken onafhankelijk
te zijn van de scheurlente, wat correspondeert met een constante scheurtip
spanningsintensiteit factor.

Hoofdstuk 6 presenteert de ontwikkeling en validatie van drie verschillende
typen voorspellingsmodellen. Deze modellen betreffen een lineair schadeac-
cumulatie model (zonder scheurretardatie), een plastische zone model, en
een scheursluiting model. De voorspellingen met behulp van deze modellen
correleerden met experimenteel waargenomen scheurgroei gedrag.

Hoofdstuk 7 schetst de subroutine die toegevoegd is aan het model voor
voorgestrekte laminaten. Deze routine is gevalideerd met data van voorges-
trekt GLARE1 en ARALL uit de literatuur.

Hoofdstuk 8 vat de conclusies van dit onderzoek samen. Er kan gecon-
cludeerd worden dat met het voorgestelde voorspellingsmodel, het mech-
anisme van scheurgroei en delaminatiegroei in GLARE volledig is beschreven
en begrepen. Het voorspellingsmodel is gevalideerd met experimentele sche-
urgroei data, en wordt beschouwd nauwkeurig te zijn. In de wijze waarop
het gemplementeerd is, heeft het model potentie om uitgebreid te worden
voor andere materiaal- geometrische- en testparameters.
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Fibre Metal laminates (FMLs) consist of alternating layers
of unidirectional impregnated fibres and thin metallic sheets
adhesively bonded together. FMLs are hybrid materials combining
mechanical and damage tolerance properties of the individual
constituents. These materials have been developed primarily
for aircraft structures as a substitute to high strength aluminium
alloys. In FMLs, fatigue crack propagation can be divided into
two main mechanisms: crack propagation in metal layers and
delamination at the metal-fibre interface. In reality, both of these
mechanisms form a balanced and so-called coupled process.

The main focus of this research was to investigate the fatigue
behavior of FMLs under variable amplitude (VA) loading.
Both fatigue mechanisms were first investigated separately
under VA loading, adressing subsequently their interaction.
Finally a crack growth model has been developed based
on the developed understanding of these mechanisms.
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